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ABSTRACT

Thneibat, Mujahed. Ph.D., Purdue University, December 2016. Policy Design Tool
for Managing Indoor Residential Water Demand in Water-Scarce Regions. Major
Professor: Amr Kandil.
In view of population growth; climate change; and economic evolution, water
resources in numerous parts of the world have reached their natural capacities.
Consequently, the ability of many countries to grow; meet the basic needs of
inhabitants; and protect the environment will be endangered like never before
unless water resources are smartly handled and managed.
In the past few decades, many developed and developing countries have suffered
from water scarcity, and more are certain to follow. The water security dilemma is
much more challenging in developing countries. Water utilities have had to follow
regulatory plans to manage demand on water resources. Not surprisingly, demand
on residential water is deemed to be the most critical sector over other competing
sectors.
Despite the vast amount of research on residential water demand management,
little is known about the willingness of consumers to participate in demand
management plans. This has been attributed to the complex nature of modelling
consumers’ participatory actions, leaving policy makers with unexpected outcomes
from their demand management plans. In order to overcome this challenge and
enable policy makers to understand the complex interactions between water
consumers, a comprehensive tool is needed to account for the
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heterogeneity of water consumers without compromising the complex nature of
water systems. The development and application of the comprehensive tool is
demonstrated using Amman, the capital city of the Kingdom of Jordan as a case
study.
This research addresses water supply and demand from a complex adaptive
systems’ perspective. The primary objectives of this investigation are to: (1)
develop a model for consumer’s awareness of water conservation that is capable
of addressing the role of individual attributes in participating in demand
management policies; (2) develop a complex adaptive systems framework for
residential water supply and demand to capture the interactions between
consumers and policy makers; and (3) develop a model to capture the possible
impacts of the non-piped water source on efforts to manage water consumption.
First, an econometric model is constructed that explains the extent to which
consumers’ attributes affect their participation in demand management activities.
Participation in water conservation plans can be achieved through installation of
efficient plumbing fixtures and the adoption of conservative water-use habits. Thus,
correlation between efficient fixtures and habits should be considered.
Second, a complex adaptive systems framework is developed to facilitate the
application of different demand management policies on residential water
consumers. The framework is capable of capturing the complex interactions
between consumers themselves and the policy maker (the entity in charge of
applying demand management policies while supplying piped water), while
explicitly considering their heterogeneity. This bottom-up approach can forecast
the diffusion of efficient fixtures and conservative habits.
Third, a system dynamics model is built to investigate the feedbacks between
different sources of supply and demand management efforts. This model will
examine the possible interactions between water availability and consumers’

xv
participation in demand management by predicting the compensatory actions
taken by consumers to reduce their water shortage.
The primary research developments presented in this work hold strong potential
to advance current tools of residential water demand management through: (1)
improving the understanding of what lies behind consumers’ participation in
demand management policies; (2) explicit accounting for the correlation between
the adoption of water-saving fixtures and conservative water use habits; (3)
addressing the heterogeneity of water consumers and thus capturing the
complexity of demand management; and (4) reducing uncertainty in estimating the
effectiveness of different demand management policies by capturing the influence
of mixed sources of supply on water demand.

1

INTRODUCTION

1.1

Overview

More than a century ago, the Earth had entered the 20th century with 1.6 billion
inhabitants. Nearly a decade and a half ago, the same planet came into the 21 st
century with more than 6 billion inhabitants. This spurt in population growth
accompanied with the uneven distribution of population between countries,
pollution, and climate change; has placed unprecedented pressure on the natural
resources. Unlike any other resource, water is seen as an indispensable lifesupport ingredient. As a result, ensuring enough supplies of the most precious
resource on earth has been one of the main challenges facing the world
(Hinrichsen et al., 2002; Vairavamoorthy et al., 2008; Balling and Gober, 2007).
One clear symptom of these challenges is the declining per-capita water
availability worldwide (SWITCH, 2011). As a result, many countries around the
world are endangered by water scarcity. To quantify the problem, the UN expected
an increase of the global population from 7 billion in 2010 to 9.2 billion by 2050
(UN, 2010), which is translated into a global increase in water demand of 55%
(OECD, 2012). Within the same time frame, populations living in urban areas are
predicted to increase from 3.6 billion to 6.3 billion (UN, 2012).
In response to the aforementioned challenges, the past few decades have
witnessed a shift from supply-side approaches to more demand management
tactics. In light of this, tremendous efforts to manage the demand on water
resources have been established. These efforts are primarily categorized
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under three groups: (1) structural and technical tools; (2) economic and financial
tools; and (3) socio-political tools. The structural tools aim at reducing losses.
Economic tools promote pricing mechanism such as water rates and taxes. The
socio-political tools focus on increasing awareness of water conservation.
Although the competition between industrial, commercial, and residential sectors
is increasing like never before, most demand management policies have targeted
residential consumers (Olmstead and Stavins, 2006; Inman and Jeffrey, 2006;
Saurí, 2013).
Despite the remarkable efforts taken to manage the residential demand on water,
managing this sector is becoming more complex (Simonovic, 2000). Many studies
and initiatives have attempted to capture the dynamics of residential water demand
and supply, yet current demand management methodologies lack the ability to
account for the complexity of water systems. This has resulted in important factors
that could restrain the capacity of water resources being overlooked (House-Peters
and Change, 2011; Kanta and Lufthansa, 2014).
Just as water scarcity is a real challenge, there is also a scarcity in methodologies
that address the complexity of residential demand management. The complexity
arises due to interactions and information exchange between the heterogeneous
consumers themselves and authorities who set management policies. This creates
a need to address the complexity of water demand and supply in a comprehensive
manner that can evaluate different demand management policies. The
comprehensive methodology should be capable of representing consumers’
heterogeneity and the dynamics of water availability. Heterogeneity can be
manifested through the willingness to conserve water, socioeconomic perspective,
attitudes toward water resources, and interactions with policy makers.
1.2

Problem Statement

In light of the unprecedented challenges facing water resources, and due to the
inability of supply-side approaches to meet increasing water demand, there is a
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dire need to shift from supply oriented to demand management policies. This shift
is desperately required for developing countries.
Notwithstanding the enormous efforts made to manage urban water demand in
general and residential demand in particular, three main issues have been
highlighted to assert the need to improve current demand management policies.
First, current demand management policies do not consider the impact of both
technology and consumer behavior, simultaneously, on water demand. This calls
for policies that consider variables at a finer resolution (the individual level).
Second, the complexity of urban water demand needs to be modelled in order to
better estimate water demand under various demand management policies. In
other words, there is a need to consider the heterogeneity of consumers when it
comes to water consumption, since total water demand results from decentralized
decisions made at the individual level. This model needs also to consider the
interaction between consumers themselves and policy makers when they set
demand management policies.
Finally, current demand management strategies, particularly in developing
countries, do not consider other sources of water, like non-piped water, when
setting up conservation strategies. This issue becomes more challenging when
consumers depend on private water to compensate for deficits in public water
supply. As such, possible hidden consequences and emergent behavior could
impact the effectiveness of demand management plans.
Therefore, there is a need for a comprehensive policy tool that is capable of
addressing the role of consumers’ attributes on participation in demand
management policies without compromising the complexity of residential water
supply and demand.

4
1.3

Research Objectives and Significance

The main goal of this research is to develop a comprehensive methodology for
managing residential water demand with an emphasis on developing countries.
The methodology comprises models to account for the decentralized decisions
taken by residential customers regarding their water use and participation in
demand management activities. In order to achieve this goal, the following
objectives are pursued:
Objective 1: To gain a thorough understanding of the current practices in
managing water demand through investigating the latest research efforts in the
following domains of water resources: (1) residential water demand and supply, (2)
water demand management, and (3) consumers’ engagement in demand
management policies.
Research Questions: (1) How do water suppliers plan for water demand? (2) What
are the variables influencing demand forecasts? (3) What is the role of residential
water demand in urban water systems? (4) How do planners estimate future
infrastructure needs? (5) What are the main challenges facing the residential water
sector? (6) How do water suppliers deal with these challenges? (7) What are the
current demand management practices in developing and developed countries?
(8) What makes consumers participate in demand management policies? (9) Is
there space for improvement in current urban water management practices?
Objective 2: To develop a model that estimates consumers’ awareness to
participate in residential demand management policies.
Research Questions: (1) What are the variables that affect individual participation
in water demand management policies? (2) What are the end uses that represent
indoor water demand? (3) What is the role of an individual’s frequency of water
use at a particular end use? (4) How can the characteristics of water efficient
fixtures affect individual demand? (5) How can the characteristics of efficient water
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fixtures influence an individual’s decision to buy it? (6) How can individual
awareness to conserve water be linked to actual water use?
Research Significance: (1) Improve the understanding of what lies behind
consumers’ participation in demand management policies. Previous studies have
dealt with consumers as passive entities where their participation in water
conservation efforts neglects their heterogeneity. Further, different degrees of
participation are presented so that the corresponding demand can be better
explained.
(2) Explicitly modelling the adoption of water-saving habits and the adoption of
efficient plumbing fixtures. Such modelling tool will be able to account for the
possible correlation between the aforementioned dimensions (behavior and
efficient fixtures) in estimating the effectiveness of demand management policies.
Therefore, highlighting where savings in water come from.

Objective 3: To develop a simulation framework that is capable of representing
the complex interactions between the heterogeneous entities of domestic water
systems and their impact on demand management policies.
Research Questions: (1) What are the policies applied for managing residential
water demand? (2) How can the notion of complexity be modeled in the context of
residential water demand-supply? (3) What is the role of social interaction between
households in changing their level of awareness toward water conservation? (4)
How can the rationality of an individual be represented in the model?
Research Significance: Developing a simulation environment which consists of
smart agents that is capable of highlighting the role of complexity upon
participation in demand management. Agents are modeled to reflect interactions
between the policy maker and consumers. The simulation tool also accounts for
changes in level of awareness of water conservation.
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Objective 4: To model the dynamic feedback mechanism between residential
water demand, public water supply (piped water), the private water market, and
policies of demand management.
Research Questions: (1) What is the relation between demand and water
infrastructure capacity? (2) Who are the main consumers supplied by water
infrastructure? (3) What are the possible non-traditional supply sources that can
alleviate pressures on the water infrastructure? (4) What are the characteristics of
such non-traditional supplies? (5) How can the demand on private water affect the
ability of consumers to participate in demand management plans?
Research Significance: Reducing uncertainties in estimating the effectiveness of
different demand management policies by capturing the influence of non-piped
sources of water on demand management efforts. This study models the dynamic
feedbacks between different sources of water supply and consumers’ awareness
about saving water. The reliance on extra water from non-piped sources to fulfill
consumers’ needs is common in developing countries. The feedback mechanism
is facilitated using a system dynamics simulation environment.
1.4

Research Methodology

The aforementioned research objectives are achieved through four main
sequential tasks, as shown in Figure 1.1. The research tasks aim at: (1) conducting
a literature review on the latest research efforts in the domain of residential water
demand management; (2) developing an awareness level model that will estimate
the extent an individual is aware of the need to conserve water, (3) modeling the
heterogeneity of consumers and their complex interactions, and (4) modeling the
influence of the private water market on the proposed demand management plans.
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Literature Review

Modelling the level of awareness of
consumers toward water conservation
Modelling the heterogeneity of consumers
and their interactions on demand
management
Modelling the influence of the private
water market on demand management

Figure 1-1 Research Methodology
These steps outlined above are illustrated in the following paragraphs:
Task 1 - Literature Review: The main objective of this task is to gain a thorough
understanding of the current practices in managing water demand through
investigating the latest research efforts in the following domains of water resources:
(1) residential water demand and supply, (2) water demand management, and (3)
consumers’ engagement in demand management policies. This task is vital to
carry further steps needed to conduct the proposed methodology.
Task 2 - Modelling the level of awareness of consumers toward water
conservation: The primary objective of this task is to explain the extent to which
consumers’ attributes affect their participation in demand management activities.
This task is carried out over three main sub-tasks:
(1) Collect data on residential water consumers. This sub-task conducts a
survey on residential water customers in Amman, Jordan.
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(2) Develop a two-single equation system (univariate ordered probit).
(3) Develop a bivariate ordered probit model based on the estimated univariate
models.
Task 3 - Modelling the heterogeneity of consumers and their interactions on
demand management: The main purpose of this task is to model the complex
interactions between the heterogeneous entities of domestic water systems and
their impact on demand management policies. This task is achieved based on four
sub-tasks:
(1) Define the agents.
(2) Construct the environment.
(3) Assign the rules of interactions between agents.
(4) Implement the model.
Task 4 - Modelling the influence of the private water market on demand
management: The main objective of this task is to investigate the possible hidden
consequences when different sources of supply exist. This is facilitated through
modelling a dynamic feedback mechanism between residential water demand,
public water supply (piped water), the private water market, and policies of demand
management. Two main sub-tasks are conducted to achieve this task:
(1) Model the demand on private water.
(2) Develop a system dynamics model that is used to highlight the
aforementioned feedbacks.
1.5

Thesis Organization

This thesis is organized into 7 chapters. Chapter 2 presents an extensive review
of literature conducted on (1) residential water demand and supply and (2)
residential demand management.
Chapter 3 discusses data collection and survey results. This chapter will also
discuss the descriptive statistics of 403 completed surveys that were collected from
domestic water consumers in Amman, Jordan.
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Chapter 4 describes the development of a level of awareness model based on the
survey data. The chapter investigates possible correlation between consumers’
water-use habits and adoption of efficient plumbing fixtures.
Chapter 5 discusses the development of a simulation model and its ability to
capture the complex interactions between residential water users and policy
makers. This has been employed using the agent based modelling tool. Further,
the results of this research task will be analyzed while examining different demand
management policies.
Chapter 6 develops a system dynamics model for the impact of mixed sources of
supply on demand management, followed by a discussion on model results. The
model is then linked with the agent based model developed in chapter 5 to
construct a hybrid simulation tool.
Chapter 7 presents the conclusion and limitations of the current study.
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LITERATURE REVIEW

2.1

Urban water systems

Urban water systems can be defined as: the collection of water resources; the
storage amenities available at source spots; transportation elements (canals, and
pipelines/tunnels) used to transfer water from source spots to the treatment
facilities; treatment of water; the facilities used to store and distribute the treated
water; wastewater collection facilities and treatment; and urban drainage systems
(Loucks et al., 2005).
In order to keep urban water systems functioning at the required performance level,
planners depend heavily on forecasting urban water demand. As a first step in
forecasting, planners should identify who the main consumers of water are (Willis
et al., 2011; Kim et al., 2007). Worldwide, water demand comes from three main
consumers, namely; agriculture, industrial, and domestic needs, as displayed in
Figure 2.1 (FAO, 2014). This figure shows the average country withdrawals of
water.
Industrial
18%

Municipal
23%

Agricultural
59%

Figure 2-1 Average Country Withdrawals of Water (FAO, 2014)
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In fact, Figure 2.1 summarizes the importance of water. Our economies,
ecosystems, well-being, and food all drastically rely on water. In urban settings,
our daily activities cannot be performed without water, such as drinking, cooking,
and cleaning. Energy, industry, and hence quality of life could not be attained
without water. More importantly, there is another chain of water uses by
ecosystems that are critical to the well-being of humans and nature (Gleick 2003,
Gleick and Palaniappan 2010).
2.2

Variables of Urban Water Demand

In developing urban water systems, the main challenge to water planners is
ensuring enough supplies to different users. As such, understanding the variables
affecting water systems is crucial in estimating future needs in a timely manner
(Galán et al., 2009; Arbués et al., 2004). In fact, forecasting water demand has
been a top priority issue for nations. This fact can be simply related to ever
increasing populations, particularly in urban areas (White et al., 2003).
Most, if not all, studies on urban water demand begin with throwing the light on the
fact that urban water systems are increasingly under pressure due to the increased
global water use caused by high rates of population growth and urbanization. In
this regard, many researchers have acknowledged the fact that there has been
formidable work in literature dealing with the determinants of urban water demand
(Saurí, 2013; Inman and Jeffrey, 2006; Saurí, 2003; Arbués et al., 2010).
Factors that directly or indirectly affect urban water systems are summarized in the
following paragraphs. They can be summarized as pricing; regulations; income;
social; education and awareness; land use; temperature; and performance of
physical systems (leaks). As White et al. (2003) noted, such variables have
different impacts on different customers.
Pricing is seen as one of the main variables in changing urban water demand.
However, the degree by which pricing structure can affect demand is still arguable
between researchers from the economic field and the water industry, and even
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among water professionals themselves (Espey et al., 1997; Renwick and Archibald,
1998; Olmstead and Stavins, 2006).
Regulations and restrictions are used as a tool to promote voluntary and
mandatory reduction in water use. Examples include the use of water efficient
devices and leak detection (Boyer et al., 2014). Restrictions are typically applied
in drought conditions. Such policies can ban outdoor water use such as landscape
irrigation (Renwick and Archibald, 1998).
Income levels are generally correlated with water use, particularly outdoor use
(Domene and Saurí, 2006; White et al., 2003). On the other hand, income level
shows positive correlation with the decision of buying new water saving devices
(Inman and Jeffrey, 2006).
Social and cultural variables can affect the amount of water consumed through
certain beliefs and behaviors toward the resource. According to the World Health
Organization (WHO, 2006), water and culture cannot be separated since cultural
beliefs form the actions that we take which include water consumption.
Education, awareness, and equipment (technology) can greatly influence the use
of water. Communication through the media, for example, regarding the need to
save water is a common tool in promoting water use reduction. Equipment includes
efficient water plumbing fixtures that aim in reducing water use (White et al., 2003).
In fact, awareness and water saving equipment go hand in hand in achieving better
demand reduction. There is a tremendous amount of literature in residential water
use dealing with education and technology savings, which will be covered later in
this chapter (Beal et al., 2010; Ahmad and Prashar, 2010).
Many studies investigated the role of land use in water demand. For instance,
many southwestern states have clearly approved of new developments based on
the adequacy of the water supply (Hanak and Browne, 2006). In California, for
example, the water authority has the right to accept or refuse certain development

13
sizes, such as 500 new housing units, based on the adequacy of water resources
for the coming 20 years. In fact, the domains of water resources and land use have
seen a wide spectrum of studies addressing hydrology issues, environmental
sustainability, population growth, and economic development (Hanak, 2005;
Chaves, 2004; Wang et al., 2013). As Catalán et al. (2007) noted, many Southern
regions in Europe are moving the urban structure to what is called urban sprawl.
In essence, urban sprawl resulted from the population living in suburban areas,
thus generating households with larger land areas than urban homes, calling for
more outdoor water use.
Moving to climatic conditions, it is well acknowledged that water demand is a
function of temperature values. In fact, the water availability itself is subject to vary
in quantity based on climatic changes. The increased use of water in summer,
particularly for irrigation purposes, is a clear observation of the impact of climatic
factors (Inman and Jeffrey, 2006; Ruth et al., 2007).
Another variable that affects the urban water demand is the condition of the urban
water supply system itself. Leaks from pipes are one of the main challenges facing
water suppliers (Pudar and Liggett, 1992; Andey and Kelkar, 2009). Water supply
systems, on average, lose 30-40% of water before reaching consumers due to
leakage issues. This problem is greatly aggravated in developing countries where
system losses from leaks reduce the ability of residential users to receive water
from an already limited supply (Hadadin et al., 2010; Andey and Kelkar, 2009).
The previous paragraphs discussed in brief the variables that affect urban water
supply systems. The next section will discuss the methods used in forecasting
urban water demand. It is believed that giving a detailed introduction on the nature
of urban water systems and forecasting methods will pave the way for this
dissertation’s primary discussion and analysis of residential water demand. In fact,
households are one of the most critical consumers within urban water systems.
Not surprisingly, many factors affecting residential demand are similar to those in
urban water systems.
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2.3

Methods of Forecasting Urban Water Demand

The main challenges in planning urban water systems have traditionally comprised
of securing future water needs and future financial needs. The World Bank has
pointed out that all countries are facing these challenges, so reliable estimates of
urban water demand are imperative (Rodriguez et al., 2012). Traditionally,
forecasting urban water demand has focused on four main methodologies
(Baumann et al., 1997; Prasifka, 1994; Maddaus, 2007): (1) per capita models, (2)
sector use models, (3) extrapolation models, and (4) structural and causal models.
The simplest model in calculating water demand is the per capita model. This
model is solely based on population forecasts that will be multiplied by the
expected per capita demand. Although this model saves time, it lacks the ability to
capture the interaction between consumers, such as social influence, and how
such interaction can change demand. Thus, demand is assumed to be static when
using per capita models (Galán et al., 2009; Prasifka, 1994).
The sector use approach adopts a finer resolution than the per capita approach, in
that it estimates water demand for each sector, such as agricultural, industrial, or
residential. Yet, this approach is similar to the per capita approach in relying on
one single variable—the sector. For example, employment size can be multiplied
by the per-employee water use (Prasifka, 1994). One of the drawbacks of this
approach is the dependent on a single variable.
Extrapolation models depend on historical water use, such that the forecast is
simply made by extrapolating the historical use of water as the main variable in the
model. As such, this approach also fits in with the “single-variable” models
discussed above. Time is the single variable used in this approach (Baumann et
al., 1997; Prasifka, 1994).
Motivated by an increased awareness of the many aspects related to water—
including ecological, economic, political, and social issues—researchers started
investigating more robust models that can incorporate variables from different
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fields of interest such as the aforementioned aspects (Arbués et al., 2004; Corbella
and Pujol, 2009; Martinez-Espiñeira, 2003; Galán et al., 2009; Renwick and
Archibald, 1998; Kolokytha et al., 2002).
Therefore, causal models have emerged to encounter various variables in
estimating urban water demand. Such models are based on statistical concepts
and usually take the form of econometric models. In fact, the literature is ample
with studies based on causal models including economic variables such as income
and price of water, education, and housing size. However, many scholars have
voiced that causal models have mainly focused on the price of water as the primary
variable in such approaches (Arbués et al., 2004; Bell and Griffin, 2008; Kostas
and Chrysostomos, 2006; Espey et al., 1997).
2.4

Residential Water Demand

Declared as one of the most important clients in water supply systems, residential
water demand has reaped the priority of governments and planners. In essence,
residential water constitutes more than half of the demand in urban areas
(Kolokytha and Mylopoulos 2004). The ongoing water scarcity problems facing
many nations have resulted in many negative side effects such as increased water
supply costs, competition between different consumer groups such as industrial
and commercial, and health problems (Kostas and Chrysostomos 2006). Even in
countries that are relatively rich in water, they are confronted by water quality and
infrastructure related problems which end up in increasing the costs of water.
2.4.1 Variables of Residential Water Demand
In light of many challenges facing water availability, one question appears central
with respect to the increasing population and water demand concerns the role of
various factors in residential water demand. Investigation of determinants of
household water demand, especially in developed countries, has gained extensive
interest among researchers in water industry.
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The work of Gottlieb (1963) followed by Howe and Linaweaver (1967) marked one
of the first studies on residential water demand. The variable of main interest to
the residential demand was the price of water in Kansas and some western states.
Both studies found that demand is inelastic to price. Following these studies,
researchers have developed residential demand models in many countries such
as Australia (Worthington et al. 2009), France (Nauges and Thomas 2000), Spain
(Martínez-Espiñeira 2002), and many more in the United States (Foster and
Beattie 1979, Agthe and Billings 1980, Nieswiadomy and Molina 1989, Hewitt and
Hanemann 1995, Renwick and Green 2000).
In terms of economic variables, namely; price and income; most studies have
concluded that residential water demand is price and income-inelastic. As Espey
et al (1997) noted that average price elasticity is -0.51, whereas income is
positively related to the household water demand with elasticity ranging from 0.1
to 0.4 (Arbués et al. 2004).
It has been widely acknowledged that residential water demand is inelastic to price
changes (e.g., Arbués et al. 2003, Martinez-Espiñeira and Nauges 2004, Savenije
and Van der Zaag 2002, Espey et al. 1997, Renwick and Green 2000, Michelsen
et al. 2009). On the other hand, Billings and Agthe (1980), Thomas and Syme 1988)
noticed that the elasticity of residential water depends on where the water is used.
In other words, indoor basic needs will not change their volumes as price increases;
while outdoor leisure use shows a high price elasticity of -1.
It should be noted that although domestic water seems to be inelastic to price,
lower income households, in general, are more sensitive to the pricing structure
than higher income users (Renwick and Green 2000). Meanwhile, studies on
developing countries, which are relatively limited, match income and price elasticity
of demand with developed countries.
As a measure of affluence level, income has been widely investigated in the
domestic water domain. Scholars concluded that income is positively related with
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water consumption (Agthe and Billings, 1987; Arbués et al., 2003; Domene et al.,
2005; Corbella and Pujol, 2009; Baumann et al., 1997; Dandy et al., 1997).
Interestingly, this variable can have different impacts on water consumption. In one
way, as increased income level indicates high living standards, this could indicate
higher volumes of water being allocated for luxurious consumption such as
swimming pools and garden irrigation.
In their study on residential water demand in Barcelona, Dmoene and Saurí (2006)
claimed that income plays a significant role when it comes to outdoor irrigation,
with high income households using more outdoor water than lower income levels.
Their study concluded that the income factor should not be studied solely; instead,
it should be combined with housing typology. They have confirmed this hypothesis
by finding that high income households who live in apartments may not consume
as much water as the relatively lower income families who live in homes with
outdoor use.
On the other hand, price schemes are significantly affected by the income level.
Renwick and Archibald (1998) stated that income levels and pricing structure
brings up equity concerns. They found that both high and low income levels may
not respond to the pricing structure, claiming that while water price represents a
very low fraction of disposable income for high income consumers, there is also
little response from low income families due to the fact that their water consumption
covers their basic water needs. The case in developing countries is more severe,
as water is not always available in pipes and the private water market intervenes
(Corbella and Pujol, 2009).
In 2010, Arbués et al. were the first ones to study the size of household in relation
to price. They hypothesized that the price elasticity of demand depends on
household size (i.e; number of household occupants). They concluded that
households composed of one or two members are price elastic, whereas this
elasticity drops to less than -0.5 with increasing household members. Their
hypothesis was based on the fact that households have different characteristics
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such as income and size, so that analysis of water demand should take into
consideration these differences, unlike previous studies that used aggregate data
to study price and income elasticity. In essence, Arbués et al. (2010) highlighted
the fact that residential demand comes from heterogeneous consumers. This is
one of the basic pillars of this research.
As the household is seen as a constituent element in analyzing water demand,
understanding its socio-demographic variables has been the core subject of the
water industry. To this end, studies have investigated the role of housing size and
typology, education, age, technology, and attitude. In essence, the introduction of
such variables was motivated by the need to verify both income and price elasticity
(Nauges and Thomas, 2000; Mazzanti and Montini, 2006).
For example, Zhang and Brown (2005) investigated household typology in Beijing
and Tianjin along with water technology devices, and found that housing type to
some degree affects water use, but the possession of technology was the
dominant factor in reducing water use. However, Renwick and Green (2000),
Corbella and Pujol (2009), Willis et al. (2009), Willis et al. (2013), and other studies
have pointed to the fact that single houses consume more water than any other
housing type due to the presence of outdoor irrigation. Hoffmann et al. (2006)
claimed that house renters have lower price elasticity of demand than owner
occupied residential units. Beal et al. (2010) studied the relation between income,
household size, and its water demand, concluding that although higher income
households tend to be larger, their water demand is lower than low income families.
This is attributed to the fact that high income families in the Australian city of
Queensland spend most of their time away from home and for longer times.
Regardless of price, income, and housing type, much attention has been given to
appliances in studies on domestic water demand (e.g., Domene and Sauri, 2006;
Beal et al., 2006; Kenney et al., 2008; Suero et al., 2012). Efficient water fixtures,
in the context of residential use, are mainly used for end use consumption. Such
fixtures include low flow showerheads and efficient toilets.
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To demonstrate how technology affects water use, Renwick and Archibald (1998)
conducted an empirical analysis of residential demand in Santa Barbara and
Goleta, California, and found a 10% reduction of water demand after installing one
low flow toilet. Loh and Coghlan (2003) stated that indoor water variation is caused
by which appliances are installed and how efficient they are.
Studies have recorded average savings of 30-50% of total residential demand as
a result of efficient devices. To this end, Inman and Jeffrey (2006) claimed that if
a household replaces all its water devices with efficient ones, indoor consumption
is expected to fall by 35-50%. Beal et al. (2010) contested the reliability of the
traditional forecasting models that use income and price variables, claiming that it
is neither price nor income alone that determines a family’s water demand, but that
technological variables also have a major role to play. In fact, this is one of the
main motivations for pursuing the current research.
Climate has been used to explain the interaction between water use and
temperature. House‐Peters et al. (2010) carried out a residential water demand
study in the state of Oregon and concluded that demand is not sensitive to
temperature changes. Paradoxically, Balling et al. (2008) found that residential
water demand in Phoenix, Arizona, is highly sensitive to temperature and
precipitation changes. Schleich and Hillenbrand (2009) showed that climate
change, exerted by high temperature, has a low impact on residential water use in
Germany, yet it affects water utilities in the sense of decreasing rainfall amounts.
Education was inspected by many scholars (Nauges and Thomas, 2000; Glig and
Barr, 2006; Makki et al., 2013). In general, the higher the educational level the
lower the consumption of water.
From perspective of age, studies did not reveal a clear correlation between water
use and age of consumer; however, it is acknowledged that older people tend to
stay at home for long periods, due to factors such as retirement, making them
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consume more water (Makki et al., 2013). Geller et al. (1983) found that education
level is positively correlated with water efficient devices.
One of the interesting factors being investigated more recently is the cultural
aspect. Corbella and Pujol (2009) claimed that western nations are experiencing
changes in their cultural contents. While the population in many European
countries is declining, it is recovering due to migratory movements. Of interest was
the attitude of immigrants toward water use, which showed a more cautious
consumption pattern than citizens. This is attributed to the fact that most
immigrants comes from developing countries where water is much more limited
than in developed ones. A study in New York conducted by Pfeffer and Stycos
(2002) found that an immigrant could have lower water use than native citizens by
20%.
2.4.2 Methods of Forecasting Residential Water Demand
This section provides a review of the main methodologies used in modeling
residential water demand, with a greater focus on end use analysis.
A preliminary literature review revealed two main approaches in modelling
residential water demand, namely, the per capita approach and regression
analysis. The per capita approach is deemed the simplest modelling approach, as
it extrapolates the historical per capita use and projects future water demand as a
function of population growth. In fact, this approach is widely used in preparing
water master plans (e.g., Cook et al., 2001; Kingston, 2007).
Perhaps the most common method used in estimating residential water demand is
the regression approach, where water is dependent on price, income, and other
variables such as age, education, and household size, as discussed above.
Equation (2.1) shows the general form of this method (Arbués et al., 2003):
𝐶 = 𝑓(P, Z)

[Eq. 2.1]
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Where C: water consumption; P: price of water; Z: vector of socio demographic
variables such as income, education, and age.
There is extensive literature focusing on regression (or econometric) methods
(Howe and Linaweaver, 1967; Billings and Agthe, 1997; Espey et al., 1997; Arbués
et al., 2004; Foster and Beattie, 1979; Agthe and Billings, 1980). The main focus
of this method is how volumetric needs might change as price and income
variables change, along with other variables reflecting education, housing type,
and age.
However, such methods have been criticized from two perspectives: they are
repetitive in the sense that they use the same variables that are in aggregate scale,
and they are unable to represent feedback in the real interactions between
elements of a water system (Yuan et al., 2014; Milly et al., 2008; Rosenberg et al.,
2007). In fact, these two drawbacks are the main pillars in capturing the complexity
of water systems, as noted in the first chapter. Nonetheless, such traditional
forecasting models are useful in developing baseline projections that can be used
to compare water demand management policies (Yuan et al., 2014).
To make up in part for these drawbacks, researchers adopted end use modelling
in combination with other socio-demographic variables. In essence, end use
modelling uses the finest possible resolution in respect to where water is being
used inside and outside a household. Generally, end use approaches are carried
out by customer surveys regarding water fixtures such as showers and taps
(Giurco et al., 2008).
Thus, end use models are characterized by their ability to capture both the role of
technology and the human role in using water. Along with technological data,
modelers need to know the family size and the projected population.
Interest in end use analysis was motivated by the need for more accurate
estimates of water demand and more robust policies to conserve water. In essence,

22
end use analysis acknowledges the following facts: (1) water is mainly confined to
local environments for use, unlike any other critical streams such as money and
energy; and (2) as domestic water use can vary between regions, countries, and
even families, it is imperative that forecasts of local demand should follow the
location specific end uses (Inman and Jeffrey, 2006; Giurco et al., 2008; Corbella
and Pujol, 2009).
End use methods help in identifying where the water is being consumed and by
how much, thus improving service delivery and shaping demand management
policies. In other words, end use analysis holds strong potential in defining possible
trends of indoor and outdoor use. The hope is providing more accurate plans for
long term planning.
The breakdown of end uses includes clothes washers, toilets, showers, kitchen
and bath taps, leaks, and outdoor use. Interest in water end use studies started
from late 90s. It should be noted that most end use studies found in the literature
have been conducted in three main countries: the United States, Canada, and
Australia.
For instance, Mayer et al. (1999) conducted a national study in selected cities in
Canada and the US to analyze domestic water consumption in 1,188 households,
breaking down their main water uses. They found that the average per capita use
of water was 262 l/c/d, with toilets being the dominant consumer of 70 l/c/d,
followed by clothes washer with 57 l/c/d. In 2004, Mayer et al. (2004) found that
families in Tampa, Florida, could reduce up to 47% of their water use by retrofitting
their water devices with efficient ones.
Recently, Mayer et al. (2012) conducted an end use analysis of 96 single-family
households in Oakland, California, Seattle, Washington, and Tampa, Florida,
between 2000 and 2003. In order to estimate water savings from each household,
analysis was conducted before and after installing water saving appliances. Their
study concluded the need to include the size of the family, type and number of
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water saving appliances, and frequency of use when analyzing domestic water
consumption. However, their study did not consider what would make a household
save more water given the social and economic composition of a household.
Loh and Coghlan (2003) studied end use patterns in Perth, Australia, and noted
that for single family residential units, indoor consumption was 420 kl/hh/y with 42%
of total consumption being allocated for indoor uses.
Willis et al. (2009) analyzed domestic water consumption at the end use level.
They found that the per capita use in Gold Coast, Australia, is 157l/c/d, with
showers and clothes washers consuming more than 50% of indoor use, while toilet
use was recorded at 21l/c/d. Later, Willis et al. (2013) combined income and family
size with different efficiency levels at each end use.
Roberts (2005) studied end use consumption at Yarra Valley, Australia, and
recorded the per capita consumption of 169 liter per day, with showers and clothes
washers being the dominant users of 49 and 40 l/c/d, respectively. The study was
carried out on single families for two weeks in the summer and two weeks in winter
with no significant seasonal difference.
2.5

Urban water demand management
2.5.1 Introduction

Most literature that researches water demand starts with the affirmation of the
increasing water demand, particularly in urban areas, resulting from urbanization,
most noticeably in developing countries. Three main reasons have been given for
the increasing consumption: (1) there is an increased number of households as a
result of population growth; (2) households tend to have smaller number of
residents per unit; and (3) higher standards of quality of life and the resulting
changes in lifestyle (Inman and Jeffrey, 2006; Saurí, 2013). In fact, the challenges
in the water sector can be summarized as: more people, less water.
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Nowadays, there is a growing assertion that the fastest and cheapest way to
provide water to all countries is to promote the efficient use of the resource and
encourage wise use (Sharma and Vairavamoorthy, 2009).
While the supply side approach was the dominant solution for water shortages,
from the 1970s this approach started to be criticized by many scholars and
environmentalists (e.g., Dziegielewski, 2011; Kenney et al., 2008; Willis et al., 2011;
Willis et al., 2013; Giurco et al., 2008). In this context, planners and water suppliers
followed the population growth to meet their basic needs such as drinking and
cooking until the mid-1970s, when the utilization of fresh water resources for direct
uses reached its maximum.
Driven by the fact that water has multiple dimensions that interact with multifaceted
aspects, such as the economy and ecosystems, the Integrated Water Resources
Management (IWRM) methodology has been declared. In essence, this approach
called for joining the fragmented elements involved in water systems so that a
unifying framework could be utilized to better allocate and manage water resources
for different users (Al Radif, 1999; Biswas, 2004). IWRM can be defined according
to the well-known definition by the Global Water Partnership in 2000 as “a process
which promotes the coordinated development and management of water, land and
related resources, in order to maximize the resultant economic and social welfare
in an equitable manner without compromising the sustainability of vital
ecosystems.” As such, water demand management is indispensable.
2.5.2 Definition
The literature reveals various definitions for water demand management. It should
be noted that demand management and demand conservation are used
interchangeably. As cited in SWITCH (2011), Louw and Kassier (2002) defined
water management as “any socially beneficial action that reduces or reschedules
average or peak water withdrawals or consumption from either surface or
groundwater, consistent with the protection or enhancement of water quality.”
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Savenije and Van Der Zaag (2002) defined demand management as “the
development and implementation of strategies aimed at influencing demand, so as
to achieve efficient and sustainable use of a scarce resource.” Chesnutt et al.
(1997) simply defined water conservation as any actions taken to reduce water
use regardless if this reduction might hinder other users and resources. For this
research, the definition proposed by Savenije and Van Der Zaag (2002) will be
used.
2.5.3 Benefits of Demand Management
The importance and benefit of water demand management has been emphasized
by many researchers and observers. It is not surprising that some scholars have
called demand management strategies new sources for water supply (Maddaus et
al,. 1996; Willis et al., 2013; Kolokytha et al., 2002). In this regard, Maddaus et al.
(1996) and Macy and Maddaus (1989) emphasized the benefits of using
conservational programs as follows: (1) they cut down operation and maintenance
costs due to the reduced energy consumption required for pumping and reduced
chemical use, (2) the minimize wholesale purchase of water supplies, (3) the
postpone or downsize the capacities of capital infrastructure such as treatment
plants, (4) the decrease the pace of increasing demand, and (5) the reduce system
leakage. As water supply systems are designed to perform under peak hour
demand and demand management programs usually result in reducing such peak
use, one consequence is likely to be the reduction in pumping energy needed to
meet the reduced demand. Willis et al. (2013) added the benefit of reducing the
effluent flow in wastewater systems and GHG emissions.
2.5.4 Tools for Demand Management
Demand management recognizes the central role of human factors in water
demand such as population growth, household size, personal behavior, and
prosperity (Inman and Jeffrey, 2006). In this sense, researchers and planners have
developed three main tools in managing water demand, which have been applied
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on residential use (Flack et al., 1977; Maddaus et al. 1996; Inman and Jeffrey,
2006; Ahmad and Prashar, 2010). It should be noted that these can even be
categorized as pricing and non-pricing structures. The demand management
categories can be summarized as:
Structural and technical methods: such demand management measures
include actions to reduce leakage, retrofit water-saving appliances, and
promote the use of alternative water sources such as rainwater.
Economic and financial methods: using pricing structure taxes and incentives
for buying water-saving devices.
Socio-political methods: these methods focus on increasing public awareness
such as educational campaigns.

Just as the estimation of future water needs has captured the attention of planners
and researchers, so has the development of demand management policies. There
has been a large number of studies investigating the impact of different variables
on the effectiveness of demand management policies. Prior research conducted
in demand management used the following instruments:
(1) Metering: Generally, the literature in demand management supports the
role of metering at the household level (Beal et al., 2010; Inman and Jeffrey,
2006; Bartoszczuk and Nakamori, 2004). For instance, the water meter has
two main advantages; improved maintenance and operation of water
systems, and effective pricing policies. Yepes and Dianderas (1996)
claimed that metering, in some developed countries, has revealed that 1015% of water is lost. Interestingly, Inman and Jeffrey (2006) stated that it is
not clear what is behind demand reduction when installing a water meter,
referring to the possibility of other variables to influence reduction such as
education and awareness.
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(2) Pricing: Several studies have investigated the role of pricing in reducing
residential demand. Generally, it has been argued that indoor demand is
not responsive to changes in price; it is actually outdoor use that is more
elastic to price (Espey et al., 1997; Renwick and Archibald, 1998).
Concerns regarding equity of pricing structure and who bears this policy
have been a topic of wide discussion by scholars, where they concluded
that low income consumers are more likely to pay more for their water use,
which is relatively small, when compared with high income, high
consumption households (Renwick and Green, 2000; Agthe and Billings,
1987; Barberán and Arbués, 2009). On the other hand, Mayer et al. (2004)
in a study of 10,000 multi-family houses, concluded that pricing, when
combined with metering, can reduce per capita demand by 16%.

From a preliminary literature review, price elasticity of demand ranges from
-0.15 to -0.52, claiming that the amount of water for basic need will not
respond to the price, while extra amounts of water will show less price
responsiveness (Nieswiadomy, 1992; Olmstead et al., 2007). In a recent
study in the United States, the price elasticity of demand was found to be 0.33 (Olmstead et al., 2007).
(3) Technology: As a non-price measure, water efficient devices have been
under the spotlight when designing water demand management policies.
These devices are applied and attached at the point of use of water whether
indoor or outdoor (Beal et al., 2010; Makki et al., 2013). Examples of such
devices include efficient showerheads, efficient toilets (dual/single flush),
and rainwater harvesting tanks.

The benefits of retrofitting devices with efficient ones have shown promising
impacts on water demand reductions. In 2004, Mayer et al. (2004) found
that families in Tampa, Florida, can reduce up to 47% of their water use
when retrofitting their water devices with efficient ones. Turner et al. (2005)
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found that an Australian family, on average, can reduce its water demand
by 20.9 ± 2.5 kl/hh/year when they retrofitted all their end use devices.
Inman and Jeffrey claimed that replacing old devices with more efficient
ones carries the potential to save 35-50% of a family’s water needs.

(4) Behavior: As demand management practices promote the use of efficient
devices, the also consider the role of consumer behavior as vital as the role
of devices. Fielding et al. (2013) stated that behavioral dimension can
undermine the effectiveness of efficient devices. In fact, attention has been
directed more toward the behavioral role as many demand management
policies have shown some drawbacks. For instance, pricing policy may not
result in significant reduction in water use due to price inelasticity (Espey et
al., 1997; Olmstead et al., 2007).
Inman and Jeffrey (2006) reported that even though households are aware
of the importance of efficient devices, the demand might be as high as
before retrofitting these devices due to the behavior of consumers not being
changed toward consumption. They referred to this phenomenon as
offsetting behavior. Hurlimann et al. (2009) calls for more research on the
domain of human behavior toward conservation and consumption of water
resource. As such, one of the main pillars in this research is the recognition
of the human role in the consumption and reduction of water use.

(5) Education: Supporters of non-pricing policies highlighted the role of
education and awareness in reducing water use. Education and awareness
are usually fostered by educational and public awareness campaigns
(Inman and Jeffrey, 2006). Nieswiadomy (1992) noted from a survey of 430
water suppliers in the U.S. that education can affect some regions that have
already experienced shortage problem. Renwick and Green (2000) found a
reduction of 8% as a result of education from each family, on average.
Howarth and Butler (2004) commented on a study conducted by the UK
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Thames Water and Environment agency on 8000 households which
showed that only 5% of the interviewed families stated that they had noticed
the campaign. In general, there has been agreement on the role of
education in reducing demand consumption, but it is still not clear how it
can promote conservation. Some authors see education as the glue that
holds all policies together (Pollard et al., 2008).

(6) Regulations and restrictions: Among the socio-political tools employed in
managing water demand, suppliers use law enforcement to ensure the
implementation of other demand management policies (Inmand and Jeffrey,
2006). For instance, the water authority in New South Wales condition the
approval of any new housing unit based on the installation of water efficient
appliances at all end uses (Turner et al., 2005). Renwick and Archibald
(1998) noted that a regulation declared in Goleta, California, where
households have their water supplies allocated based on historical needs,
assigned penalties for any extra water being used. Such a regulation has
reduced the consumption by 28.2% on average.

(7) Operation and maintenance: Leakage in water supply systems has long
been and remains an issue of main concern to authorities. Water losses
from leaks are one of the main factors contributing to water shortages in
developing countries. Sharma and Vairavamoorthy (2009) claimed that
water network losses in many developing countries range from 20-70% of
water produced from the treatment plant.
2.6

Studies of Demand Management Programs

Just as water demand estimation has been under the spotlight, so does the interest
on modelling demand management programs. To this end, the literature revealed
two dominant methodologies in managing water demand, namely, the
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development of fine resolution models called end use analysis, and the use of
econometric models,.
2.6.1 End use approach
A large amount of literature has been carried out in order to estimate how
residential demand will respond to demand management policies. As mentioned
earlier, residential end-use studies are directed to collect where and how much
water is consumed in a residency unit (Giurco et al., 2008).
Researchers who used end use methods have identified four main data collection
methods: metering, data logging, surveys, and diaries (Turner et al., 2008). A
comprehensive description for conducting end use studies for residential water
demand can be found from Turner et al. (2008), Beal et al. (2010), and Giurco et
al. (2008). A thorough investigation of these guidebooks reveals that most end use
studies follow these steps:
(1) Define the objectives: This step is concerned with the clarification of the
purpose of the study. Reported objectives in the literature regarding end
use modeling can range from improving urban water planning through
developing accurate end use water demand, designing water management
programs by understanding the potential savings of devices at end uses,
monitoring demand management programs, and leak detection.
(2) Defining data requirements: Once the objective is defined, data should be
collected accordingly so that objectives can be achieved. Example of data
could be single family end-use, multi-family, and data within certain
geographic regions.
(3) Choosing a technology: This step concerns selecting the most convenient
tool to capture the required data. It should be noted that the selected
technology is subject to many constraints such as time, cost of technology,
and resolution of data.
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(4) Define the sample size: To ensure the model is representative of the real
situation, the analyst should define the population and acceptable error.

As noted above, since the methodological approach for conducting end use
analysis follow the same steps, the following paragraphs present some well-cited
end use studies. The purpose is to show how different end-use appliances can
reduce demand.
Willis et al. (2013) surveyed 151 households in Gold Coast, Australia, to estimate
per capita and household water demand, and to examine if there is a correlation
between social and demographic factors and water saved. They followed a mixed
method approach, where the design of the study followed both a survey
questionnaire and a stock inventory of water devices within each household. This
study used smart metering to record where and how much water was being used.
Variables such as income, lot size, and the possession of rain water tanks have
been linked with the amount of water saved at each end use when installing water
efficient appliances. It has been found that the smaller the lot size the more water
will be saved by irrigation, especially when a rainwater tank is installed.
The analysis of other devices follow this trend: the amount of water used by
devices before retrofitting is recorded then compared with the water used after the
devices at end uses are retrofitted. For instance, installation of an efficient clothes
washer has demonstrated a per capita savings of 14kL/p/a. The authors concluded
that there is positive correlation between the income level, lot size, and amount of
water used.
Beal et al. (2010) carried out a survey for 250 single family households in South
East Queensland (SEQ) to estimate per capita and household water demand at all
end uses. Moreover, the study was developed to compare water consumption
between different regions within SEQ and assess the efficiency of different water
efficient appliances. The survey revealed some regional differences in water use
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at both scales, per capita and household levels. On average, it was found that the
shower comprises 29% of total indoor consumption, while taps account for 24%.
Turner et al. (2005) reported on the results from the largest conservation program
applied in Australia, “Every Drop Counts,” to retrofit residential units with water
efficient appliances at all end uses. The report claimed that on average a single
family household can save 20.9±2.5 kL/hh/a.
A recent study in the U.S. was conducted by Lee et al. (2013) in Miami-Dade
County, Florida, with the objective of analyzing the long term savings in residential
water demand of low-income senior families. They noted that over 3 years,
average per capita saving reached 200 l/d. Moreover, their analysis showed that
monetary savings can be maximized by adopting multiple efficient devices.
One clear observation could be made here. While many studies have investigated
end use consumption and have defined potential savings in water, there is a lot
more to do in this area. Inman and Jeffrey (2006) questioned the efficiency of
demand management studies when they claimed that most demand management
studies show a lack of willingness to participate in demand management practices.
They stated that more variables should be investigated to determine the
effectiveness of demand management more accurately. In this regards, this
research will address the behavioral aspect of consumers to understand the
frequency (number of times) of using a certain water appliance.
Jorgensen et al. (2009) shed light on the fact that successful demand management
policies should follow an in-depth understanding of how consumers perceive water
and use it. In fact, studies on household water demand and conservation revealed
different variables that have different impacts on water use.
Along with the need for more studies and variables in the context of residential
demand management, the use of variables should also shift from aggregate scale
to individual scale. In other words, although studies shown above have combined
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socioeconomic variables with end use consumption, the dominant approach was
to cluster consumers into income levels, for example, and record their end use
consumption. To this end, while this approach might reveal some trend in the use
of water at specific end uses, it lacks an understanding of how these
socioeconomic variables can affect the belief in the need for water conservation
and thus participation in demand management.
Therefore, this research will take analysis on end use consumption further in an
attempt to capture the role of income and education, for example, in participating
in demand management activities.
2.6.2 Regression approach
The current literature regarding the development of water demand models and
water demand management models significantly depends on econometric
techniques. To this end, ordinary least squares (OLS), generalized least squares
(GLS), and two and three least squares (2SLS and 3SLS) have been used. Notably,
the most widely used technique is OLS (Worthington and Hoffman 2008, Billings
and Agthe 1980).
The recognition of demand management as a “no-regret” option has motivated
planners and scholars in defining effective demand side management policies
(Bates et al., 2008). To this end, there has been a large body of literature
investigating the amount of water demanded and the use of different management
policies. In this regard, one of the most common approaches is the development
of econometric models where the change in some variables such as price of water
would result in a change in water demand.
The traditional residential water demand efforts established models to forecast
water demand and investigate consumers’ reactions to price changes to estimate
elasticity (Howe and Linaweaver, 1967; Foster and Beattie, 1979; Billings and
Agthe, 1980). Moreover, other variables were introduced over time such as climate,
socioeconomic, and education.
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Despite the fact that there is still no consensus on appropriate statistical models of
water demand and price, efforts in this direction have revealed that residential
water demand is inelastic to price changes, particularly when it comes to indoor
demand. Espey et al. (1997) conducted a meta-analysis to test the impact of other
factors on the estimated price elasticity of demands. Such factors are structural
form, estimation technique, location, and rate structure. The conclusion affirmed
that almost all demand models have found that demand is not responsive to price.
For instance, the range of price elasticity was found to be from -0.26 to -0.75.
One of the most comprehensive studies to date on price elasticity of demand in
residential water was carried out by Dalhuisen et al. (2003). Their study
investigated 64 regions in Europe and the U.S., resulting in 314 observations of
price elasticity between 1963 and 1998. They found that although residential
demand tends to be inelastic to price, regions have different values for elasticity.
For instance, European countries have an average price elasticity of -0.28, while
the Eastern U.S. has -0.005 price elasticity, and the Western U.S. has -0.17.
In an effort to understand non-pricing demand policies, Palimi and Shelton (1982)
developed a statistical model, basically a single linear regression model. The
purpose was to estimate the proportion of households who decided to install new
water efficient appliances when such devices are available for free for 564 families
in East Brunswick, New Jersey. They found that around 65% of households
installed one or more devices, resulting in an average water savings of 5,010
gallons per year.
Michelsen et al. (1999), motivated by the lack of studies on the non-price
conservation programs, developed a cross-sectional, monthly time series model
to estimate the contribution of non-price measures on reducing demand.
Investigated variables include temperature, price, and precipitation. They
concluded that non-pricing programs can reduce demand by 1.1% to 4.0% per
program. The dependent variable was the monthly water demand, while the
explanatory variables were the family size, average monthly income for
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households in Southern California, monthly rainfall amounts, and average monthly
temperatures.
In the context of developing countries, Salman et al. (2008) developed a water
demand model based on observations from 10,564 households in Jordan.
Variables used were income, education, household size, and number of bathrooms.
The study recommended that if water authorities in Jordan want to save water from
residents, non-price policies should be fostered as price elasticity of demand was
found at -0.12, while a 10% increase in income would result in a 0.3% increase in
household water demand. In terms of education, it was not found to be effective in
reducing household demand.
Renwick and Green (2000) estimated an econometric demand model to capture
the influence of both pricing and non-pricing policies on residential demand. The
study was conducted based on cross-sectional monthly time series data from eight
water agencies in California supplying almost 7 million Californians. Interestingly,
the study found that summer water demand is 25% more price elastic, reflecting
the fact of more water being used outdoors during summer months, all factors
being constant. Analysis of more serious demand management policies, such as
restrictions, showed that demand would decrease much more than if such policies
were optional, such as public education campaign.
Williams and Suh (1986) developed an annual water demand model by customer
class (i.e, commercial, residential, and industrial). They tested the decreasing
block rate structure as management policy while introducing explanatory variables
such as monthly income, precipitation, and population density per square mile.
Using OLS techniques, they found price elasticity to range from

-0.25 to -0.48,

while income elasticity ranges from 0.64 to 0.77.
Chicoine and Ramamurthy (1986) modeled the monthly water demand changes
under a decreasing block pricing in Illinois. They considered the monthly income,
family size and number of bathrooms, claiming that the marginal price is not
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sufficient in explaining water needs in rural areas. Moncur (1987) studied nonpricing policies in drought events in Honolulu. He claimed that when using marginal
price, income per household, rainfall, and applying restrictions on water use, price
elasticity can be supported by restrictions. Reported elasticity in the long-term was
estimated to range from 0.10 to 0.68.
Fielding et al. (2012) asked 1008 households in Queensland, Australia, to examine
the role of psychology and demographics on water conservation. They investigated
how the theory of planned behavior along with income, household size, and
education can explain the reduction in residential water use. Among psychological
variables, respondents reported their perception to the engagement in demand
management actions. Using sequential regression, their analysis show that the
most dominant variables affecting water demand and reduction are the
socioeconomic variables. Specifically, income and household size revealed
positive correlation with water use. Moreover, the study concluded that
psychological variables were of less importance.
However, although this study investigated psychological aspects, one can argue
two drawbacks in this study. First, the factors that make people save water at
specific end uses, either by lowering the length of use or buying a new efficient
device, did not consider what would make a household save water. In other words,
the characteristics of water devices and individuals such as income and efficiency
might have revealed more variables that would affect a decision to reduce water
consumption. Second, the model fitness (R2) was around 0.33. This might be
attributed to the fact that the model uses variables at the aggregate level and did
not consider individual attributes.
In the context of psychological variables, the literature revealed a minority of
studies investigating how psychological factors would affect water consumption.
Aitken et al. (1994) stated that the role of psychology—represented as the belief
of residents to reduce their consumption and habits of use—taken as a way to
measure the repetitive actions were not significant to the study. Using a linear
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regression, they found that the socioeconomic variables, namely, household size
and housing value, can account for 70% of model variance.
Syme et al. (2004) linked attitudinal and socioeconomic factors to form better
policies to reduce water use. Variables such as residents’ opinion on the need to
conserve water are measured to cover the attitudinal dimension. On the other hand,
socioeconomic variables such as lot size, income, and swimming pool were
included as well. Using structural equation modelling, results showed that
socioeconomic variables are much more important than attitudinal factors to
demand reduction; however, the study shows improvement in the significance of
the attitudinal factor relative to Aitken et al. (1994).
Willis et al. (2011) used mixed methods (smart metering and questionnaire survey)
to link the attitude of families to water consumption. Analysis showed that
households who stated that they are aware of water conservation tend to consume
less water than other families.
However, most of these studies have neglected the role of behavior (i.e, frequency
of use at end-use devices) in reducing water. One limitation of previous studies is
that their models are static; in other words, even as they model a set of variables,
including socioeconomic, psychological, and technological, such studies have not
considered a longitudinal analysis. Longitudinal analysis here is meant as the
behavior of consumers after adopting a water efficient device or changing their
behavior to reduce their demand. It is believed that such a dynamic interaction is
important in capturing the “real-world” dynamics in understanding how demand
might change if both water efficient appliances are installed in a household while
behavior (frequency of use) is not modified, and vice versa.
As such, offsetting behavior is seen as one of the limitations of previous demand
management studies. In other words, water efficient appliances should go hand in
hand with the behavioral aspect of consumers when studying water demand
management (Hurlimann et al., 2009). Moreover, most studies have focused on
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certain types of households such as single family or multi-family when analyzing
the role of pricing and non-pricing policies in making conclusions for urban areas
(Fielding et al., 2012; Mayer et al., 2012; Roberts, 2005; Beal et al., 2010). Thus,
there is a need to understand how different housing typologies can impact overall
models of demand management.
It should be noted that, beside the studies presented above, to date, the most
comprehensive literature on demand estimation and the use of demand
management variables was the survey conducted by Worthington and Hoffman
(2008), which gathered studies on both price and non-price policies. Previously,
Inman and Jeffrey (2006) surveyed water demand management studies as well.
2.7

Water Situation in Amman, Jordan
2.7.1 Background

Located in the Middle East on the east side of the Mediterranean, Jordan’s surface
area is nearly 90,000 km2 with a total population of 6.72 million (DOS, 2015). 83%
of the surface area is desert. The climatic profile follows the Mediterranean climate,
which makes the country’s summer months very dry and hot, while winters are wet
with variable rainfall amounts over the same year and unpredictable amounts from
year to year. In fact, 94% of the country receives less than 200 mm of rainfall
annually, while less than 0.7% of the country receives more than 500 mm rainfall
(Al-Ansari et al., 2014).
Jordan is classified as a between arid to semi-arid country with very limited water
resources. Since the 1960s the country has experienced severe droughts (Abdulla
and Al-Shareef, 2009). It is widely acknowledged that Jordan is one of the world’s
most water limited countries. To quantify the problem, the available renewable
water resources per capita have diminished severely from 3,600 m 3/capita/year in
1946 to less than 140 m3/capita/year in recent years (Denny et al., 2008; Abdulla
and Al-Shareef, 2009). This figure is far below the Falkenmark’s water scarcity
index.
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Notwithstanding the fact that Jordan is one of the top five water-scarce countries,
it is the world’s third largest refugee-hosting communities (UNHCR, 2015; AlAnsari et al., 2014). The severe water stress the country has these days can be
attributed to the sharp population growth, climate change, and most importantly,
the unexpected waves of refugees. In the past two decades, Jordan has been the
home of Iraqi, Palestinian, and recently Syrian refugees. This implies that forecasts
made by planners and water authorities in Jordan regarding future water
availability should be carefully planned. Moreover, most of the country’s resources
are trans-boundary, with water being shared with Syria, Saudi Arabia, and
Palestine.
In terms of water resources in Jordan, more than 55% of water comes from the
ground with renewable resources of 450 MCM per year with a safe yield of 275.5
MCM per year (Al-Ansari et al., 2014). On the other hand, surface water accounts
for 45% of the total supply. Despite the contribution of surface and ground water
in supplying water needs in Jordan, urban water demand is increasing like never
before, with an average increase by 8% per year (Al-Ansari et al., 2014).
2.7.2 Water situation in Amman
The threat of water shortages in Jordan is not a debatable issue. In fact, it is
already taking place all over the country. Perhaps the dependence on the supply
side approach which dominated the past three decades has yielded to the current
water stress. During that period, Jordan’s first option to meet the increasing
demand on water was the construction of hydraulic structures. However, the
supply side approach proved to be unable to meet the increasing demand (AlJayyousi, 1995). The truth of the matter is that Jordan lacks a clear policy
governing its water resources. This issue has significantly impacted the main cities
where the highest population resides. Such cities are Amman, Zarqa, and Irbid. Of
highest priority is the capital city, Amman.
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Around 40% of the total population lives in Amman. In 2004 the total water demand
reached 105 Mm3, which had exceeded the available water volumes (Potter et al.,
2009). The Government has always insisted on the priority of securing potable
water supplies in the face of increasing population growth. In fact, as a response
to such increases, the country has mainly focused on developing new supplies and
exporting water from other Governorates.
Nowadays, almost 50% of Amman’s water is supplied from Jordan Valley, were
water is pumped from -225m to a height of 1035m where water is treated at the
Zai treatment plant, located in the north-west part of the city. Other sources come
from wells in Al-Mafraq, as well as Qatrana.
The water service in Amman is intermittent. This is attributed to the fact that water
is very limited such that it cannot run through the distribution pipes for 24 hours a
day. The water authority of Jordan (WAJ), which is the main responsible authority
for governing water policies in Jordan, supplies residential units in Amman for a
period of 24 to 72 hours per week. However, almost 45% of such piped water does
not reach end users due system losses and leaks (Rosenberg, 2007).
Nevertheless, unlike many countries where an intermittent water supply is
dominant, nearly 98% of consumers are connected to the water system. This
translates to around 580,000 residential connections and 40,000 nondomestic
connections (USAID/ISSP, 2013).
In response to the limited water supply for domestic uses, households developed
a set of mitigation plans to meet their water demands. Potter and Darmame (2010)
conducted a survey in Amman, Jordan, to investigate how families react to water
shortages. They noted that the mitigation plans taken by a family depends on its
wealth. While high income families are storing their water in large underground
tanks supplied by private tankers, families with limited income tend to have 2m 3
roof tanks. The problem get more serious during summer months, when the private
market emerges to respond for deficits in domestic supplies. For instance, families
can have 20m3 private water tankers delivered to their homes and buy extra bottled
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water. As such, water consumption is mainly driven by the income and family size.
Perhaps such disparities in household’s income explain the low average residential
water consumption of 94 l/c/d (OHCHR, 2014).
The above discussion clearly shows the heavy reliance on the supply-side
approach as the first option in meeting residential water demand regardless of the
scale of the problem. In other words, at both the individual or city-wide scales,
meeting water demand is significantly dependent on acquiring extra resources of
water.
For instance, recently, a new water project, DISI transfer, was added to the service
to supply Amman and other Governorates. The project is supplied from a ground
water aquifer shared with Saudi Arabia, and provides a total supply of 100 million
m3 per year with a capital cost of $US 600 million.
Regarding the water tariff, the residential water price set by the government is
mainly used to cover operation and maintenance costs and to encourage savings.
The tariff is designed to discourage high water consumption by setting high prices
for high water uses. In essence, the first consumption block (20m 3) per quarter is
priced at a fixed price; after that, the price is increased for higher consumption
blocks. However, even the increasing block rates still don’t place significant
pressure on high water consumers to reduce their demand.
Despite the many efforts taken by the government to increase supply capacity, the
gap between supply and demand still exists. However, the options available for the
Jordanian government regarding new supplies are limited (Al–Najjar et al., 2011;
Iskandarani, 2001). Hence, there is a need to shift from dependence on supply
approaches to demand management.
In line with this, many studies concluded that demand management strategies
should be employed if authorities in Amman want to secure supplies for the
increasing population. Therefore, efforts have been carried out to understand
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water issues in Jordan. Al–Najjar et al. (2011) estimated that residential water
demand in Amman is not responsive to price. They concluded that water
authorities should apply non-price demand management policies such as
education and awareness. Abdulla and Al-Shareef (2009) examined the benefits
of installing rainwater tanks at homes and found an average savings of 115 million
cubic meters per year (Mm3/year) in water if all households in Amman have
installed rainwater tanks. Recently, Haddadi et al. (2010) estimated that the water
needs in Amman have increased to 300,000m 3/day, resulting in 90,000m3 more
water than the maximum available water limits on a daily basis. This is translated
to an annual deficit of more than 35 Mm3.
2.7.3 Jordan Water Strategy
In response to the increasing challenges facing water resources in Jordan, a
National Water Strategy was declared in 1997. This strategy mainly states that
“resource management shall continually aim at achieving the highest possible
efficiency in the conveyance, distribution, application and use” of water resources
(Abdel Khaleq, 2008). Of particular interest to demand management, the strategy
asserts the priority of securing 100 L/capita/day for basic human needs,
establishing a national water bank, and sustainable development of aquifer
resources (Abdel Khaleq, 2008).
In order to increase the efficiency of water use at the domestic level, the Jordanian
government has approved the National Water Strategy for 2008–2022. The aim of
this strategy is to develop an action plan for tackling water supply and demand
challenges by 2022 (MWI, 2008). Of the proposed actions, the government
identified the need to:
 Raise consumers’ awareness through water conservation campaigns. Such
campaigns include messages on T.V. spots, newspapers, and radio.
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 Introduce the principles of water demand management at schools, using
interactive discussions with students about water scarcity in Jordan and the
possibilities of saving water.
 Introduce water-use laws and plumbing codes for buildings.
 Install efficient water-use devices, so that at least all governmental buildings
are mandated to install water saving devices (Abdel Khaleq, 2008).
 Investigate the possibilities of installing greywater reuse systems to collect
water from bath sinks, the kitchen, and laundry for non-potable uses.
 Encourage the utilization of non-traditional supply sources, such as
rainwater.
 Reduce water losses by 25% by 2022.

Given the current water situation in Amman and the need to shift to demand
management policies, the proposed methodology of this research will be applied
to Amman. This holds strong potential to better understand the role of water saving
devices, behavior, and limited supplies in the effectiveness of water demand
management.
2.8

Water Systems as Complex Adaptive Systems

The ever increasing water demand has challenged the ability of water systems to
develop new plans to meet the demand for such a scarce resource. In response,
water suppliers must combine structural and non-structural approaches to take into
consideration the per capita needs, urbanization, funding, and increasing
competition between different consumer sectors.
With the introduction of the demand management paradigm, water utilities found
themselves in a new set of economic, social, and political conditions that need to
be addressed when managing water systems (Kanta and Zechman, 2013).
The closely linked interactions between humans and the surrounding systems
(natural, governmental) that exist in urban areas, in addition to the introduction of
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variables from different fields that were initially considered outside the scope of
water systems (House-Peters and Chang, 2011; Simonovic, 2000; Gutzler and
Nims, 2005; Kanta and Zechman, 2013; Yuan et al., 2014), brought increased
complexity to water systems. It is clear that interaction between human populations
and contiguous systems are the process of communication between microscale
(individual, household) and macroscale (municipal, regional) systems. For
instance, individual demand is aggregated to total demand, in a local area, that will
affect the performance of the urban water system at a macroscale, which in turn
stimulates changes in individual behavior. Another factor that contributes to the
complexity of water systems stems from what is called the complexity paradigm.
This paradigm was suggested by Simonovic (2000) who claimed that water
systems should willingly take into consideration more variables that were seen as
external inputs to water systems. These variables are social, environmental,
population growth, quality measures, and long-term infrastructure planning. Indeed,
one cannot argue with the contribution of technological advancements such as
simulation modelling in recognizing the complexity of water systems, which are
now the main trend in analyzing such systems.
To this end, the last decade has seen an increasing interest in the complexity of
water systems, most of which focused on residential demand. Most of these
studies have developed a framework for addressing the complexity of residential
water use and have moved forward to test plausible scenarios that might unfold
due to the complex and dynamic interaction between constituent elements of the
system. So far, simulation techniques have been the dominant tool used for
developing such complex context.
Given the complexities of handling water systems, agent-based modeling (ABM)
has been viewed as the most effective way to simulate the actions of
heterogeneous parties within a water system. The following sections will give a
brief introduction on ABM as a simulation tool, followed by review of literature
carried out so far in modelling residential water systems within the ABM framework.
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2.8.1 Agent Based Modelling
ABM is developed as a simulation technique that describes a system based on its
constituent elements. One of the famous definitions of ABM is the one proposed
by Bonabeau: ABM “is a set of differential equations, each describing the dynamics
of one of the system’s constituent units” (Bonabeau, 2002). Microscale modelling
would be a synonym of ABM.
In essence, agents change their states with time; that is, they have dynamic state.
An agent is considered as an autonomous decision making individual who is able
to achieve internal goals and objectives by decisions based on a set of rules and
strategies (Brown et al., 2005). The architectural foundation for a decision taken
by an agent depends on the belief-desire-intention schema.
The robustness of ABM and the rapid increase in studies and publications that
employ ABM modelling are attributed to its three main distinctive benefits
(Bonabeau, 2002), which are (i) its ability to detect emergent phenomena, (ii) its
ability to provide more natural description of a system, and (iii) its flexibility in
design and implementation. While individual agents have their own decision
making process, they communicate with each other, resulting in an unexpected
system behavior. Even simple rules might make for intense impacts between
agents.
ABM has been used in a variety of fields such as air systems, politics, as well as
environmental, water, and social sciences (Borshchev, 2013). Bonabeau (2002)
provides applicable examples of ABM in different fields. One observation can be
made. The use of ABM, when compared with other modelling approaches such as
system dynamics or discrete events, helps the modeler in capturing the evolution
of the system under investigation. In other words, ABM’s major feature is its ability
to follow a bottom-up approach in modelling by which the global behavior of the
system can then be visualized (Borshchev and Filippov, 2004; Bonabeau, 2002).
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For this reason, the use of ABM has been widely applied in water systems, where
agents (consumers) have made their own decisions regarding water use. More
importantly, it has been used to capture how different demand management
strategies can evolve over time, so that water suppliers can assess their policies.
2.8.2 Residential Water Demand as a Complex Adaptive System
The term complex adaptive systems (CAS) has emerged in the scientific
community to describe the feedback mechanisms between different systems of
interest. CAS can be defined as a collection of agents who are connected through
complex networks and update their behavior according to the changes in
environment and other connected systems. In this context, dynamics assert the
fact that changes result from co-evolution rather than changes from a single
system (Giacomoni et al., 2013). It should be noted that regardless of the simplicity
of rules that govern how agents contact and behave with other agents and the
environment, the global state of the overall system is complex and in many cases
yields unpredictable states.
A group of researchers and commentators have criticized the way demand
management policies are being addressed. The main problem challenging policy
makers is the scarcity of information regarding consumers (Inman and Jeffrey,
2006; Renwick and Archibald, 1998). They have called for the need to gather data
at a finer resolution than currently used, such as daily indoor use instead of
average monthly water bill, and to develop new methodologies that are capable of
integrating such data.
In fact, a design for good water conservation strategies should consider the
interaction between different stakeholders. For instance, as a policy maker
promotes the use of efficient appliances, a consumer agent might not be able to
buy appliances due to economic constraint. Meanwhile, the interaction between
agents could affect an agent’s decision regarding adoption of a device.
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Recently, more attention has been given to the role of the human dimension in
managing resources (Giacomoni et al., 2013). One of the critical success factors
of achieving public acceptably for a given policy is through communication and
message passing. Thus, water demand management policies are gradually
shifting toward understanding the influence of social interaction between different
agents. To this end, a handful of ABM focused on residential water demand have
proposed the role of diffusion in promoting different conservational actions
(Tsegaye and Vairavamoorthy, 2009; Galán et al., 2009).
ABM approaches have been recently used to detect how individuals cooperate
with water systems and react to water availability by modifying their consumptive
actions, such as searching for alternate resources and decreasing their
consumption. To this end, progress has been made to develop ABM to capture
the interaction between consumer, urbanization, and supplier through water
conservation policies (Galán et al., 2009; Giacomoni et al., 2013; López-Paredes
et al., 2005).
Other ABM studies developed water allocation strategies for consumers (LópezParedes et al., 2005), water pricing policies (Athanasiadis et al., 2005), residential
use behavior and economic aspect (Chu et al., 2009). Recently, the combination
of supply side and demand side management was proposed (Kanta and Zechman,
2013, Giacomoni et al., 2013). It should be noted that research in ABM within the
water industry has insisted on the role of social diffusion as well as the
technological aspect.
The following paragraphs discuss CAS studies of residential water demand.
2.8.2.1 DAWN Model
Athanasiadis et al. (2005) developed an ABM to help water authorities in
Thessaloniki, Greece, in setting prices for water. The model architect combines
both an econometric model and a social layer to reflect the influence of an agent’s
connections with other agents on modifying their water needs. In other words, a
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hybrid model is developed to capture price signals, corresponding demand, and
the social influence on the amount of water needed by a household.
Three main agents are modeled to reflect the current situation, namely, consumer
agent, supplier agent, and climate agent. Each consumer agent estimates its
personal consumption and reports it to the supplier agent who aggregates the
individual demands. Water prices are changed, and consumer agents are asked
again to calculate their consumption while they interact with their neighbors
through message communication to consider the influence of connected agents’
characteristics on the agent demand.
The aforementioned process takes into account the class of neighboring agent,
whether it is saver or non-saver. Policies regarding water conservation were tested
by education campaigns and pricing structure. Results show that including
education and current prices in one scenario is similar to a price-based policy that
increases the price by 5%. In general, water savings are expected to reduce total
consumption by 5% over 5 years.
Limitations
Role of technology: Although this study includes pricing and education as a
demand management tool, it did not look at other conservation measures such as
water saving appliances. Further analysis should also consider where the water is
being used for a typical family. This can be done using end-use analysis. The
application of end-use analysis yields more accurate data and provides a
comprehensive demand management strategy by estimating the potential savings
and cost of each end-use device
Economic aspect: The role of income might not influence demand reduction, as
some studies suggest higher income households tend to consumer more water
and are less concerned with pricing structure (Domene and Saurí, 2006; White et
al., 2003).
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2.8.2.2 FIRMABAR-Barcelona Model
The metropolitan region of Barcelona has developed an ABM called FIRMABAR
for assessing water suppliers in allocating water for different consumers. The
assessment takes into account a considerable variety of policies, such as urban
structure and amount of available supply (López-Paredes et al., 2005).
Different agents were modeled, including family agents, the supplier policy, the
housing developer, and municipalities. While the family agent represents two main
activities, namely, housing choice and water consumption, the supplier policy
determines the supply needed and applies the pricing policy. The housing
developer represents the urban and suburban housing provider that meets the
needs for families whether they live in urban areas (more density and less outdoor
water use) or suburban areas (low density with higher outdoor use). The
municipality agent defines the characteristics of neighborhoods where families live
by factors such as size and opportunity for new development.
The residential water demand model for each family is dependent on gross family
income, its maximum water consumption, housing type, and social experience with
drought conditions. The supplier agent applies different pricing policies while each
family, in response, reports its changed demand and happiness with this price. As
the main advantages of ABM is to capture social diffusion, this model assumes
each agent is connected to a specific number of other agents through a smallworld social network. The authors assume that each family will mimic the demand
of its connected neighbor. A family will increase its demand if the demand of its
neighbor is higher than this family’s demand, and vice versa.
Limitations
Rationality of agents: Although the FIRMABAR model shows some improvement
over the DAWN model, the assumption that each agent imitates the behavior of its
neighbor somewhat neglects the heterogeneity of decision making. Moreover,
agents could have different awareness levels toward conservation. In other words,
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in the case of imitating a neighbors’ consumption, the imitator might not be affected
as he or she might be aware enough of the importance of saving water.
Role of Technology: The role of water saving devices is not modeled in this model.
It has been discussed earlier that a comprehensive retrofit of water devices could
save up to 50% of indoor water use (Willis et al., 2009).
Diffusion: Although social diffusion is modeled to some extent (imitation behavior),
the diffusion of technology is not considered in this model. Galán et al. (2009)
insisted on the importance of technology diffusion in reducing water demand
gradually, as some agents tend to adopt a certain device after other agents have
already adopted the device for some time.
Infrastructure aspect: There is no clear linkage between the demand management
policy and the potential reduction in demand on water infrastructure capacity.
2.8.2.3 ABM for Domestic Water Management in Valladolid Metropolitan Area
Galán et al. (2009) developed an ABM to demonstrate the complexity of water
issues in Valladolid, Spain. Three integrating models have been linked to capture
the role of urban dynamics, water consumption, and technological and opinion
diffusion. The aim of this study is to generate different scenarios of water demand
under different demographic and diffusion models. Residential water demand
(regression model) was built upon billing data and housing typology to take into
account different housing features such as garden irrigation.
The demographic variables were deemed essential in this model. This is attributed
to the fact that Galán et al. (2009) considered the role of migration in developing
urban and suburban areas. The hypothesis was based on the residency choice
model developed by Benenson (1998) claiming that choice of a residence depends
on the house value and neighborhood characteristic, emphasizing the nationality
of neighbors. Such urban dynamics, in turn, influence agents to choose a housing
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unit such that its location (urban or suburban) would result in different demand
values.
Galán et al. (2009) insisted on the role of social diffusion and message passing in
spreading conservation messages. As such, agents were categorized as
environmentally aware (most likely to reduce water) and non-aware. Agents
communicate with each other through the social network so that one might change
from being aware to non-aware, and vice versa. In the context of diffusion,
technology adoption was seen as one of the influencing factors in reducing
domestic demand. Galán et al. (2009) in their model assumed that agents will
adopt technology saving devices as long as more agents in their networks are
adopting these technologies. Therefore, this ABM was the first to combine both
opinion diffusion and technological diffusion. It has long been insisted that both
have a significant impact on changes in residential water demand (Giurco et al.,
2008; Syme et al., 2004).
Limitations
Rationality of agents: It is not clear what criteria an agent would use when deciding
to adopt a device. For instance, the cost of a device might not meet the agent’s
ability to afford it. In other words, it is assumed that agents in this systems will buy
the device without there being any economic factors that could hinder their ability
to buy.
Environmentalists vs. Non-Environmentalists: In the opinion diffusion model,
agents were assumed to have either a conservative or non-conservative attitude.
So far, this model is one of the few ABMs to take into account such variables in
water demand. However, it is not clear what the criterion is for classifying agents
as environmentalists. In other words, it is more likely that individuals with a high
education level will be conservative than agents with any other criteria (Nauges
and Thomas, 2000; Glig and Barr, 2006).
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2.8.2.4 ABM Residential Water Use for Beijing City
In order to capture the complexity in urban residential water in Beijing, China, Chu
et al. (2009) developed an ABM with emphasis on end-use approach in modeling
the water demand, With the objective to capture how different conservation policies,
technological water saving appliances, information, wealth, and heterogeneity
within agents, three main agent classes have been developed: (i) Regulator, (ii)
Household, and (iii) Water appliance market agent.
In essence, the regulator agent sets the price of water and provides water saving
devices at discounted prices to specific households. Householders are modeled to
represent the heterogeneous and decentralized actions taken by each agent
regarding use of water and buying a water saving device. The water appliance
market agent provides households with data regarding each water saving device,
such as cost, water savings, and lifetime. This agent also estimates the market
penetration for each water saving device.
Perhaps this paper is the first one to consider the end-use water demand model
within the complex adaptive framework. Chu et al. (2009) lists eight major end uses
to breakdown residential water uses, including cooking, drinking, dishwashing,
toilet flushing, showering, clothes washing, and cleaning. The decision to replace
a device is affected by factors such as income and government policy (if certain
devices are required to be installed, for example).
Household Agents buy water devices either randomly or by lowest cost criterion.
The decision to buy a new device is motivated when an agent moves to a new
house (builds a new house) or when there is a need to replace a device due to
breakage. Moreover, behavioral change of families depends on the price of water,
wastewater reuse, and device cost, so that agents could follow the lowest cost in
meeting their demand.
Limitations
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Social diffusion: Previous ABM studies have proven the role of the social network
regarding behavior toward conservation (Galán et al., 2009; López-Paredes et al.,
2005). Therefore, a more accurate estimate for residential water, especially for
cities with large population size, will need to consider more dynamics in agents’
decisions such as opinion diffusion.
Technology diffusion: The study shows no clear diffusion of technology. The term
“diffusion” is used here to represent the number of devices currently in the market
as a result of buying decisions by agents.
The awareness of agents: The study claims that water demand is proportional to
income. However, the literature has revealed many more factors that would affect
agents’ behavior to consume more or less water. Such factors include education,
social network, age, and affordability to buy (Arbués et al., 2003; MartinezEspiñeira and Nauges, 2004). Moreover, to make better use of ABM, heterogeneity
needs to be captured through understanding each agent’s attitude and awareness
toward water consumption.
Infrastructure aspect: To determine how much water is needed to be saved, water
demand management policies should be linked with the capacity of infrastructure
(Dziegielewski, 2011). As such, the policy agent in this study can make better
assessment of specific demand management programs.
2.8.2.5 CAS Approach to Simulate the Sustainability of Water Resources and
Urbanization
Giacomoni et al. (2013) argued that the current methodologies in managing water
systems ignore the dynamic feedbacks between population, water use, land use,
and hydraulic cycle. To fill this gap, Giacomoni et al. (2013) developed an ABM to
simulate how consumers make decisions to utilize new lands for housing
development and to use domestic water. The policy maker is in charge of reducing
available vacant lands as new land changes will reduce runoff water and thus
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streamflow will gradually run dry, reducing the amount of water feeding the
reservoir.
Moreover, consumers make decisions regarding outdoor water use which is
function of lot size. If the water level drops significantly in the reservoir, the policy
agent will prohibit outdoor water use. As a measurement for the efficiency of
demand management policies, the more days with water restrictions the less
successful the demand management. In terms of supply side policy, the policy
maker imports water through water transfer. The success of the supply policy is
measured by the amount of water transferred; the lower the transfer, the better the
supply policy.
Limitations
Social diffusion: As previous studies emphasized the role of social diffusion, this
study could have benefited from opinion diffusion.
Technology diffusion: Although this study shows that demand management can
be achieved by outdoor restrictions, the potential savings from water saving
devices cannot be ignored. Perhaps if this study tested the impact of water saving
devices, the land use change model might not need to be restricted.
Infrastructure aspect: The analysis shows that the size of reservoir is the key
determinant of the water management policy. This is important for short-term
operations; however, when considering capital infrastructure such as water
treatment plants, it is crucial to link demand savings with infrastructure capacity.
2.8.2.6 Complex Adaptive Systems Framework to Assess Supply Side and
Demand Side Management for Urban Water Resources
Kanta and Zechman (2013) developed a CAS framework in order to combine
supply side actions with demand side policies. Supply side includes water in
reservoir and water transfer, while demand side management includes water
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saving devices and outdoor water restrictions. Kanta and Zechman (2013) also
shed light on the fact that previous studies did not consider the combination of both
demand side and supply side policies. Hence, their paper developed a feedback
between the consumers and the supplier agent. The model considers end use
analysis of fixtures such as the toilet and showerhead to study the potential savings
from water saving devices.
To capture the diffusion of saving devices, agents are connected through a small
world network, so that as any agent adopts a device, a message is sent to all its
connected agents encouraging them to buy it. The policy maker could offer these
devices at lower prices. Moreover, the policy maker has the ability to restrict
outdoor water use and import extra water through pumping.
Therefore, the dynamic feedbacks that exist in this research can affect the way
consumers use water. For instance, if the policy maker provides water saving
devices, it is expected that the demand will decrease, causing the water availability
to increase. Since water availability is increased, this will make the policy maker
apply a less restrictive demand management policy.
Limitations
Rationality of agent: One of the assumptions of this model is that consumers will
adopt a water saving device based on a threshold number of connected agents
who have bought the device. In fact, the economic burden would make some
agents unable to afford the price of water saving devices.
Infrastructure aspect: While supply management is modeled here by the reservoir
and pumping transfer, the capital infrastructure needs to be considered. This would
help in calculating long-term demand reductions.
Behavior: Although this model shows some improvements over previous ABM on
water demand studies, the role of behavior (frequency of use) at each end-use
device is not considered. In fact, offsetting behavior could undermine the
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effectiveness of water saving devices. In other words, water saving devices do not
necessarily imply that water demand will decrease and the reservoir levels will
bounce back to normal levels.
2.9

Summary

In this chapter, a discussion on residential water demand is presented. The
discussion has been conducted under five main avenues: (1) variables influencing
residential water demand, (2) techniques used in estimating residential demand,
(3) variables affecting demand conservation, (4) techniques used in evaluating
demand management policies, and (5) complexity of urban water systems with a
primary focus on residential demand.
Variables that affect water demand are likely to be those that influence reduction
of water demand as well. Table 2.1 summarizes the main variables found in the
literature. As the corresponding variable increases, this could increase demand (+),
decrease demand (-), or have no significant influence on demand (0).
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Table 2.1 Summary of Variables Influencing Residential Water Demand
Variable

Influence

Notes

References

- Indoor demand is inelastic to
price, most likely outdoor
demand is elastic. (Espey et al.,
1997).
- On average elasticity ranges
(-0.15 to -0.52).
- Some scholars linked price
elasticity to the household size.
- Equity issues arise when using
price structures in managing
demand.
- Higher income levels are linked
with higher outdoor irrigation.
- Income factor should not be
studied solely; rather, the
housing typology (apartment,
detached house) should be
considered as well.
- Detached houses use more
water than apartments.

(Espey et al., 1997)

on Demand
Pricing

Income

Housing

( - ), ( 0 )

(+)

( + ), ( - )

typology

- Detached units are most likely
to have irrigation use.
Climate

( + ), ( - ),

-

(0)
-

-

Metering

Education

(-)

(-)

-

-

Summer months are positively
correlated with increased
demand.
Some studies did not find any
correlation between high
temperatures and demand
changes.
Rainfall amounts are more likely
to affect water utilities (e.g.,
dams’ supplies and the like)
more than individuals.
The influence of metering is
arguable. Some scholars relate
metering with reduced
consumption (10-15%) (e.g.,
Beal et al., 2010) while others
do not (Inman and Jeffrey,
2006).
Consumers with high levels of
education tend to decrease
their consumption.

(Renwick and Archibald,
1998).
(Renwick and Green, 2000)
(Mayer et al., 2004)

(Dmoene and Saurí, 2006)
(Renwick and Archibald,
1998)
(Baumann et al., 1997)

(Nauges and Thomas,
2000)
(Zhang and Brown, 2005)

(Schleich and Hillenbrand,
2009)
(Balling et al., 2008)

(Yepes and Dianderas,
1996)
(Beal et al., 2010)
(Inman and Jeffrey, 2006)

(Geller et al., 1983)
(Nauges and Thomas,
2000)

58
Table 2.1 Continued
Culture

(-)

-

-

-

Technology

(-)

-

-

Leaks

(+)

-

This factor has been studied in
developed countries as a result
of migratory movements from
developing countries.
Such studies claimed that
immigrants tend to have lower
consumption compared with
citizens.
As immigrants come from water
scarce areas, they have already
developed positive attitudes to
water consumption.
It is now widely acknowledged
that efficient plumbing fixtures
save consumption.
Variation in indoor consumption
is highly related to the
differences in efficiency of water
plumbing fixtures.
Savings can reach to 50%.
Leaks inside a housing unit
increase water use.
Pipe leaks impact utilities more
than consumers.

(Corbella and Pujol, 2009)

(Kanta and Zechman,
2013)
(Zhang and Brown, 2005)
(Loh and Coghlan, 2003)
(Beal et al., 2010)
(Makki et al., 2013)

(Pudar and Liggett, 1992)
(Andey and Kelkar, 2009)

In general, the unprecedented increase of demand on water is attributed to three
main factors: increased household numbers with few members, urbanization, and
changes in lifestyles (Inman and Jeffrey, 2006; Saurí, 2013).
Discussion of methodologies pointed out the wide use of econometric models in
forecasting residential demand. Although such models have shown superiority
over the per capita and extrapolation approaches, the main focus of econometric
models is determining how volumetric needs might change as price and income
variables change. Other variables include education, housing type, and age. Such
volumetric needs are studied on the aggregated scale. For example, the impact of
price increases on a city’s water demand.
On the other hand, end use analysis holds strong potential for defining possible
trends of indoor and outdoor use by identifying where the water is being consumed
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and by how much, thus improving service delivery and shaping demand
management policies.
With respect to demand management, this chapter has discussed recent interest
in reducing water consumption in urban settings, focusing mainly on residential
demand. Demand management can fall under three main categories: (1) structural
techniques, (2) economic and financial techniques, and (3) socio-political
techniques. Structural techniques include leakage reduction and installation of
efficient plumbing fixtures. Economic and financial techniques use pricing and
incentives to endorse buying efficient fixtures. Socio-political techniques focus on
increasing public awareness to reduce water use.
Complexity in water systems has resulted from the two main factors: (1) close
interactions between humans and the surrounding systems, and (2) the
introduction of new variables from different fields that were initially considered
outside the scope of water systems, such as technology and social influence.
Studies on water demand as complex adaptive systems have been reviewed, and
the claim has been made that the dynamics of complex systems result from coevolution between subsystems rather than the influence of one single system.
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DATA COLLECTION

3.1

Introduction

This chapter is intended to present the results of a survey on indoor domestic water
use. A filed survey has been conducted in Amman, Jordan, between September–
November of 2015. A variety of topics have been investigated regarding water use
habits, socioeconomic factors, and attitudes toward water conservation. In total
403 collected surveys have been analyzed and used in this work.
Collecting data for this study is deemed as the building block for the remaining
work of this research. Therefore, a discussion on data collection and sampling
methods will be presented. Additionally, to address the socioeconomic polarities
in Amman, comparisons are made between the west and east sides of the city.
Results show significant disparities between these two sides of Amman,
particularly in terms of income and the size of storage tanks. To the best of the
authors’ knowledge, there have been no previous surveys in Amman with such
intensive investigation on water use and management while considering social and
economic differences between residents.
3.2

Justification

A comprehensive review of literature revealed that domestic water consumption
depends on three main factors: the availability of a specific plumbing fixture at the
end-use level, the frequency of using this specific fixture, and the efficiency of
using it (Chu et al., 2009; Jacobs and Haarhoff, 2004). In other words, two-
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dimensions affect domestic water use: the technological aspect and the behavioral
(frequency of use) aspect.
In developing water demand management policies, suppliers require locationspecific data. This is attributed to the following facts: (1) different countries have
different attitudes and characteristics of its residence, (2) disparities in water
supply, (3) water prices, (4) climatic conditions, and (5) government policies in
conserving water (Willis et al., 2011; Beal et al., 2011).
From a complex adaptive system perspective, and in the context of water supply
systems, there exist feedbacks between the supplier and the consumer that
characterize the behavior of the whole system, like deficit or excess water
availability. Moreover, complexity arises due to information exchange regarding
the available supply, the demand required by consumers, and reactions to different
demand management policies. As such, each agent would have a different
response from a demand management policy. In that sense, the total residential
water demand results from a collection of decentralized decisions taken by each
agent.
Researchers have focused for long time on the role of interactions between
consumers and suppliers in predicting possible changes in demand. In this regard,
the two dimensions of residential water demand mentioned above (i.e., behavior,
and technology) are affected by such interactions. Therefore, a critical success
factor in estimating water demands is the representation of behavioral and
technological dimensions while interactions take place. As mentioned earlier, such
representation has not been sufficiently investigated by researchers.
As a prerequisite to develop the awareness level model and the coming simulation
models for this research, a thorough understanding of where and how much water
is used inside households is crucial. To facilitate the applicability of the proposed
work, this research will use real data from Amman, Jordan. As Corbella and Pujol
(2009) noted, one of the main barriers facing planners in developing demand
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management programs is the lack of transferability of previous data from other
regions.
The collection of water consumption at the end-use level will help in identifying the
amount of water used by each plumbing fixture. Turner et al. (2008) summarized
four main methods through which water utilities can collect data at the end-use
level, namely: (1) water meters installed at individual residential units; (2) data
logging of periodic consumption levels (e.g every 5 seconds); (3) surveys,
including face to face and telephone surveys; and (4) diaries in which consumers
keep record of their consumption levels.
The selection of the collection method is a trade-off between time and cost. For
this research, having taken into account both financial and time constraints, a
survey will be used to collect end-use data as well as other socioeconomic data.
In fact, surveys have been widely used in many developed countries, most notably
in Australia and the United States (Giurco et al., 2008).
Regardless the collection method, studies conducted so far on residential end-use
analysis reveal many interesting points (Mayer et al., 1999; Loh and Coghlan,
2003; Willis et al., 2011). First, it is clear that the amount of water savings depends
on the region of study. Such variations in savings refer to the efficiency of the
plumbing fixture.
Second, there is an increasing interest in estimating the potential savings of
different water plumbing fixtures. And third, surveys on end-use analysis have
typically focused on measuring the technological aspect (water fixtures) with little
consideration of other behavioral data, such as the frequency and number of times
using a laundry machine or showering.
3.3

Survey Methodology

In this research task, a comprehensive survey dealing with different aspects of
water demand and demand management was constructed. As mentioned earlier,
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the objective of the survey instrument is to measure how families in Amman,
Jordan, are aware of using different plumbing fixtures to save water, and how likely
they might be to change the frequency of using these fixtures to reduce water
demand.
3.3.1 Target Population and Sampling Frame
Since the objective of the survey is to understand how people would participate in
demand management in Amman, the target population of this survey will be the
residents of Amman, Jordan. It is assumed that one respondent represents one
family. The estimated responses needed for the survey and the standard error are
described in Table 3.1.
Table 3.1 Required Sample Size
Item

Value

Confidence Level

95%

Original Population

2.33 Million

Confidence Interval

5%

Sample Size Needed 384

3.3.2 Survey Organization
The structure of the survey is designed to gather information on the following types
of data:
(1) Household socioeconomic data: these include income, family size,
education, age of family head, monthly income, and maximum share of
income to water expenses.
(2) Household structural data: location of the housing unit, type, size, age, and
existence of outdoor garden.
(3) Water service data: source of supply (piped/tanker), water bill,
compensation strategies when water is limited, and price of water.
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(4) Water use behavior and attitude: detailed data regarding behavioral and
technological aspects.
(5) Psychological and attitudinal data: respondents’ preferences on a set of
measures regarding their beliefs to water conservation.
3.3.3 Survey Distribution
The administration of the survey instrument follows two main methods, namely
web survey and face-to-face survey.
To account for the possible variations between the east and west sides of Amman,
the survey has been distributed based on stratified proportional sampling. This
sampling methodology accounts for the size of population in different areas so as
to eliminate the bias in response rates.
The survey has covered 6 out of 9 districts in Amman. The remaining three districts
represent the southern side of the city, which is served by a separate water supply
system. A detailed discussion on districts will be provided in chapter 5.
The reader is referred to Appendix A to review the survey.
3.3.4 Other sources of information
Along with the heavy reliance on the survey in collecting pieces of information for
building this research, interviews with stakeholders who are in charge with water
supply in Amman have been conducted. These consist primarily of interviews with
officials from the Ministry of Water and Irrigation. These interviews are
complementary to the survey data when building the simulation models.
3.4

Results

In total, 403 responses have been received and used in this research.
Starting with demographics, Figure 3.1 presents the distribution of respondents in
terms of their highest level of education.
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Figure 3-1 Level of Education
Figure 3.1 above shows that most of the respondents hold a bachelor’s degree,
with the majority being from the west, followed by respondents in the east. Post
graduate respondents represent the second largest portion of the sample size, with
west-part residents being slightly higher than east part. Results also show that the
minority of respondents just have the elementary education level.
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As shown in Figure 3.2 above, residents in the west indicated with household size
of 5 are the majority of participants, forming 53% of responses. The lowest
household size is for residents in the east and west with household size of 1,
forming 2% and 3% of responses, respectively. Similarly, residents in the east with
household size of 9 and in the west with household size of 10 formed 3% of
responses. Overall, participants in the east have larger household sizes than
residents in the west. However, the percentage of small household sizes from 1 to
5 is dominated by the west residents.
The average monthly income of respondents is shown in Figure 3.3.
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Figure 3-3 Average Monthly Income
Interestingly, Figure 3.3 indicates a remarkable gap of income distribution between
the west and east parts of Amman. Residents in the west receive higher monthly
income, with an average value of 1796 JD, while residents in the east receive on
average an income of 723 JD.
When asked about the number of persons who have influence over their decisions,
it was found that, on average, 3 persons have influence on someone’s decision,
as shown in Figure 3.4.
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Figure 3-4 Number of Influencing Persons
Figure 3.4 shows that a majority of both respondents identified 2-3 influencers on
their decisions. In addition, a number of influencers of 1-2 and 3-4 are almost
similar for east and west residents. This question is used in the simulation model
to account for the parameters needed for one of the rules of interactions between
agents.
Structural variables of dwelling units reveal interesting points. In terms of type of
housing unit, respondents from the west who are living in apartments are the
majority with 143 respondents, as depicted in Figure 3.5, while for the east, the
majority of respondents are living in apartments, with 113 respondents. The lowest
value is for respondents from the west living in individual house with a total number
of 42.
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Figure 3-5 Housing Type
On the other hand, another difference between west and east residences can be
seen through average area of houses, as shown in Figure 3.6.
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Figure 3-6 Area of Housing Units
The majority of respondents as shown above live in a house of area 100-200 m2
with a number of respondents in the east higher than in the west, with numbers of
99 and 85 respectively. Only 27 respondents from the west live in a house of area

69
less than 100 m2, and 23 respondents in the east live in a house larger than 200
m2. In general, the average housing area in west Amman is estimated at 241 m 2,
compared with a significantly smaller area of 157 m2 in the eastern side. This is a
proof for economic differences between the west and east sides of Amman.
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Figure 3-7 Distribution of Categories of Land Zones
Zoning regulation of lands govern the size of the lot as well as the dwelling unit. In
Jordan, land zones are used to indicate the density of housing units. The zoning
ranges from A (low density, typically for luxurious private housing) to D (highest
density). In fact, this variable can provide a proxy to the economic status. It should
be noted that both side of Amman contain lands with zones ranging from A to D.
Figure 3.7 indicates that residents in the west living in land zone B and residents
in east living in land zone C are similar, with a total number of 85 respondents in
each. Zone D is the lowest for respondents from the west, while zone A is the
lowest for respondents in the east.
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Figure 3-8 Age of Housing Unit
Figure 3.8 above displays the housing age of residences, displayed by the year
range in which the house was built. Residents in the east claim to live in houses
that were built from before 1980 to 1990–2000s, with the highest number for 1990–
2000s. Western residents live in houses built from between 2000–2005 and after
2010, with the majority living in houses built between 2005–2010. Housing age is
used as a proxy for the existence of efficient fixtures, since it is expected that newer
houses will have more efficient fixtures than older ones.
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Figure 3-9 Ownership Status of Housing Unit
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Regarding ownership of houses, Figure 3.9 suggests that residents in the west
own more houses than in the east, with numbers of 161 and 141 respectively. A
small number of participants live in rented houses in both west and east Amman,
with 36 and 64 respectively.
In terms of sources of drinking water, Figure 3.10 shows that both residents of the
west and east claim to drink bottled water, while a minority of respondents choose
to drink from piped networks with a total number of 54 in the west and 68 in the
east. This could indicate concerns of consumers about the quality of piped water.
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Figure 3-10 Distribution of Sources of Drinking Water
Figure 3.11 indicates the average water bill. Most of the respondents from the west
indicated that they pay 10-30 JD. Interestingly, a similar trend can be seen for
residents from the east.
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Figure 3-11 Quarterly Water Bill
As expected, Figure 3.11 shows that a small number of respondents pay high bills
for their water use. The similarity in the distribution of residents under each bill
category can be referred to the limited supply duration of two days.
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Figure 3-12 Adaptation Plans to Overcome Supply Deficit
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When asked about their adaptation plans for shortages in supply, respondents
from both sides of Amman share similar actions as shown above in Figure 3.12.
However, buying extra water from private water tankers is more preferable by
western than eastern households. This might be attributed to the disparity in
economic status.
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Figure 3-13 Household Storage Capacity
Descriptive results for household storage capacity show that majority of
respondents in the east have a storage capacity of 0-2M3 and 2-4M3, as shown in
Figure 3.12. Regarding respondents in the west, the majority of them have a
storage capacity of 2-4M3 and 4-6M3. Only 18 respondents in the west have a
storage capacity of over 20M3.
Regarding beliefs on water resources, Figure 3.14 presents interesting facts.
90.4% of western residents believe that water resources in Jordan are limited. On
the other hand, 82% of respondents from the east side believe that the country
faces water scarcity, implying that 18% of respondents do not perceive any
problems within the water sector.
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Figure 3-14 Perception of Water Scarcity
According to Figure 3.15, the majority of respondents claim that they are aware of
the benefits of water-saving fixtures.
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Figure 3-15 Recognizing the Benefits of Water-Saving Fixtures.
Figure 3.15 indicates that, at least, 87% of respondent from both sides of Amman
recognize the benefits of water saving fixtures.
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Another measure for consumers’ willingness to buy efficient fixtures is the financial
aspect.
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Figure 3-16 Maximum Affordable Price for a Saving Device
Figure 3.16 shows the respondent’s financial affordability regarding the purchase
of efficient water fixtures. Respondents from the west are more able to buy water
fixtures that cost more than 50 JD, while the majority of respondents from the east
are able to afford between 10-30 JD.
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Figure 3-17 Distribution of Types of Decision Making
In terms of decision making criteria when buying efficient fixtures, residents from
the west are more likely to adopt a thoughtful decision making, at a response rate
of more than 100 respondents, as presented in Figure 3.17 above. On the other
hand, responses from the east indicated an equal distribution among all decision
making types.
It should be noted that reserve price refers to the buying decision when consumers
are purchasing at the maximum price they can afford. Social norm implies that a
consumer will buy a water fixture if a minimum number of its connections have
adopted this fixture, whereas thoughtful decision making consumers evaluate
different fixtures based on their attributes. This aspect will be discussed later in
chapter 5.
According the survey results, there is a strong potential for consumers to reduce
their current water use, as shown in Figure 3.18.
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Figure 3-18 Maximum Perceived Reduction in Current Water Consumption
Figure 3.18 above depicts the tendency of consumers to reduce their water
consumption. Almost half of the residents from the east side are willing to save
around 10-20% of their current water consumption. Meanwhile, respondents from
the west indicate that they can save more water than easterns, estimating around
20-30%. Moreover, as the percentage of reduction increases, the number of
savers decreases.
Investments in water saving fixtures can bring significant savings in water and
energy bills. To account for such benefits on the impact of buying water fixtures,
respondents were asked to indicate the preferred payback period as shown in
Figure 3.19.
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Figure 3-19 Distribution of Preferred Payback Period
Interestingly, Figure 3.19 shows that residents of both sides of Amman share the
same payback period. For instance, the majority of respondents are willing to buy
a saving fixture if the payback period occurs within the first 18 months.
Utilization of non-traditional sources of water is investigated in Figures 3.20. As
expected, the use of nontraditional sources of supply is very low. Most respondents
do not reuse grey water for the garden or toilet. This can be seen in the two graphs
of Figure 3.20 below, for east and west, respectively.
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Figure 3-20 Utilization of Grey Water Reuse for Garden and Toilet
Similar to grey water reuse, Figure 3.21 shows that less than 10% of the population
collect rain water for domestic uses.
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Figure 3-21 Adopters of Rain Water Harvesting Tanks
When asked about the factors that motivate consumers to reduce their
consumption, around 60% prefer campaigns and rebates over pricing tools. This
is illustrated below in Figure 3.22.
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Figure 3-22 Factors (Seen by Customers) to Encourage More Conservative
Consumption
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On the other hand, Figure 3.23 presents barriers to adopt efficient fixtures.
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Figure 3-23 Barriers to Adopting Efficient Fixtures
Figure 3.23 suggests that barriers to adopt efficient fixtures vary based on location.
For instance, prices of efficient fixtures are the most common barrier to installing
them, as seen by residents of the east. On the other hand, barriers as seen by
residents of the west are perceived to equally hinder installation of efficient fixtures.
A set of attitudinal perspectives has been used in this study to take into account
the psychological aspect of demand management. Results of this measure are
displayed in Figures 3.24–3.27.
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Figure 3-24 Reducing Water Use is Beneficial to Consumers
For instance, Figure 3.24 investigates the perception of the importance of water
saving by consumers. Regardless of their area of living, respondents believe that
water conservation is beneficial to them, with the majority of answers being from
agree and strongly agree.
Figure 3.25 depicts the awareness of consumers on the link between the
environment and water resources.
70

No. of Households

60
50
40
East

30

West
20
10
0
Strongly Disagree
Disagree

Neutral

Agree

Strongly
Agree

Figure 3-25 Reducing Water Use is Beneficial to the Environment
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In fact, Figure 3.25 shows a similar trend to Figure 3.24. Most respondents believe
that water is crucial for the environment and saving water is one way to sustain the
environment. Again, most residents either agree or strongly agree with the benefits
of water to the environment.
Figure 3.26 indicates that there is an urgent need to increase public awareness
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Figure 3-26 Need for more Public Awareness Campaigns
In fact, Figure 3.26 shows that more than 75% of respondents say they agree to
strongly agree with the need for public awareness, with the majority responding
that they strongly agree.
Figure 3.27 describes the perception of individuals of the social pressure on them
to reduce their consumption. Social pressure is used to account for influence from
an individual’s peers.
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Figure 3-27 Social Pressure on Individuals to Reduce their Water Use
Figure 3.27 above suggests that less than 20% of respondents believe there is a
social pressure on them to conserve water. This figure shows that residents from
both the east and west have similar answers to this question, except for the east
side where the maximum value for agree is reported.
It should be noted that the remaining descriptive statistics are provided in Appendix
B.
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3.5

Summary

This chapter presents the development of a field survey on residential water
demand and supply in Amman. The survey includes a variety of variables that are
abstracted from both literature and the contextual challenges facing the residential
water sector in Jordan, resulting in five main types of data to be investigated.
Data gathered from this survey has covered the following aspects: (1) Household
socioeconomic data; (2) household structural data; (3) water service data; (4)
water-use behavior and attitude; and (5) psychological and attitudinal data.
The design of this survey was intended to highlight the socioeconomic polarities
between east and west Amman. In general, the signs of such polarities can be
seen by the significant disparities in terms of income, housing area, and storage
capacity.
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MODELLING THE LEVEL OF AWARENESS OF CONSUMERS
TOWARD WATER CONSERVATION

4.1

Introduction

The objective of this chapter is to present the development of an econometric
model that explains the extent to which consumers’ attributes affect their
participation in demand management activities. This model will help in
understanding what makes consumers more likely to reduce their water
consumption at the residential level. Reducing water consumption can be mainly
achieved by three possible activities: (1) installing water saving fixtures, (2)
decreasing the frequency of using water fixtures, or (3) a combination of both. The
aforementioned activities are investigated at the end-use level.
This model has been developed in order to: (1) understand the factors that make
residential-water consumers reduce their water consumption by installing water
saving fixtures; (2) understand the factors that make residential-water consumers
reduce their water consumption by changing their frequency of using water fixtures
at different end-uses; and (3) facilitate the influence of residential consumers on
each other through information exchange (represented by their current
participation in demand management), which will be implemented later in a
microsimulation environment.
Model development follows from data collected by a survey conducted on
residential water customers in Amman, Jordan, from September–November of
2015. Following the development of this model, a discussion is provided to give
in-depth analysis to the results of the model. Having collected the data, the
model is built in two main tasks: (1) Develop a two-single equation system
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(univariate ordered probit); and (2) Develop a bivariate ordered probit model
based on the estimated models from the previous step. By focusing on the
human role as the main driver for change in water consumption, this task tries to
discover new aspects that policy makers must consider when applying a demand
management policy. Therefore, reducing uncertainties when it comes to
estimating the potential savings in water. These new aspects are the combined
effects of behavioral and technological changes. Therefore, this model can
explain why different profiles of water demand exist, especially in cities where
socioeconomic polarities entail different perceptions on what is and what is not a
discretionary water use.
4.2

Tools for Demand Management

Traditional tools for managing urban water demand can be categorized into three
groups: (1) Structural and technical; (2) economic and financial; and (3) sociopolitical tools. The structural and technical tools include measures to reduce
leakage and install efficient plumbing fixtures. Economic and financial tools aim at
reducing water consumption through economic incentives such as rebates on
plumbing fixtures. Financial tools suggest charging water consumers with higher
charges as their consumption increases. The socio-political tools focus on
increasing the public awareness toward water conservation (Flack et al. 1977,
Maddaus et al. 1996, Inman and Jeffrey 2006, Ahmad and Prashar 2010).
Despite the fact that extensive water demand literature has covered the
aforementioned tools, scholars have pointed out that the willingness to participate
in demand management activities is still hesitant (Howarht 1999, Inman and
Jeffrey 2006).
The relationship between urban communities and water consumption is tightly
linked to household units. In fact, most water demand management studies have
been carried out within the residential context (Thomas and Syme 1988, Tsegaye
and Vairavamoorthy 2009). This highlights the fact that the human dimension is
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inevitably a key element in water systems. However, the truth of the matter is that
most of demand management literature deals with customers as passive entities
where generalization of customers’ reactions to water conservation is a dominant
approach.
In parallel with Howarth (1999) and Inman and Jeffrey (2006), it is essential to note
that, in order to unravel the potential savings from a demand management policy,
understanding what makes consumers reduce their water consumption is vital to
the success of any demand management policy. Therefore, focusing on
consumers and their attributes can explain when and to what extent those
consumers will participate in demand management activities, thus providing
answer to the following question raised by (Inman and Jeffrey, 2006): Why is there
reluctance to participate in water conservation activities? The answer to this
question gets more complicated when considering other important factors such as
the heterogeneity of urban water consumers and the limited availability of water
resources in a specific region.
The consumption of domestic water depends on three main factors: (1) the
availability of specific plumbing fixture at a specific end-use; (2) the frequency of
using this fixture; and (3) the efficiency of this fixture (Chu et al. 2009, Jacobs and
Haarhoff 2004). In other words, two dimensions influence the demand for domestic
use, namely the behavioral dimension (frequency of use) and the technological
dimension (efficiency).
Despite the tremendous contribution by scholars in demand management studies,
one clear observation can be made: there is a lack in distinguishing between the
installment of efficient plumbing fixtures (structural tools) and the behavioral
adaptations (such as reducing the duration of showering) in response to demand
management policy. This distinction is important as the amount of saved water
from efficient technology can significantly differ from saved water by changing
behavior.
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4.3

Model Development

4.3.1 Preparation of the Model
In order to address the gap in the role of customers in water conservation, this task
presents a tool to better understand the potential for water savings. In doing so,
attributes of residential water consumers are the building blocks for this task.
Consequently, the proposed model investigates which aspect of demand (i.e,
whether the behavioral aspect, the technological aspect, or both) is adopted in
response to a demand management policy. More importantly, correlation between
aspects is investigated to reduce uncertainty in the participation in demand
management activities.
As mentioned in the previous chapter, a comprehensive survey dealing with
different factors of water demand and demand management was developed.
4.3.2 Development of the Model
Having collected the survey data, an econometric model is developed to predict
the extent to which a water consumer is aware of water conservation and thus the
level of participation in demand management. The econometric model considers
technology (water fixtures) and behavior (change frequency of use), an issue that
has been ignored over the past decades. Furthermore, the output will assign each
agent one of three levels of awareness. These are: (1) No awareness, (2) Medium
awareness, and (3) Full awareness. In other words, each agent will have two
aspects of awareness, namely awareness of technology in reducing demand and
awareness of behavior in reducing demand. Table 4.1 explains how these levels
can be interpreted.
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Table 4.1 Matrix Interpretation for the Outputs of Model of Awareness Level
Level of Awareness
Management
Aspect

No awareness
(NA)

Medium
awareness (MA)

Full awareness
(FA)

Technology

Agent will either
not buy any water
efficient device or
buy one device.
Agent will change
its frequency of
use at either no
end-use or one
end-use.

Agent will buy two,
three, or four
water efficient
devices.
Agent will change
its frequency of
use at two, three,
or four end-uses.

Agent will buy all
devices.

Behavior

Agent will change
its frequency of
use at all enduses.

The rationale behind the rankings in table 4.1 is based on the fact that total enduses at each individual household range from 5 to 6 end-uses, as shown in table
4.2.
Table 4.2 End-uses and the Corresponding Fixtures Analyzed for this Study
End-use

Device (plumbing fixture)

Drinking, cooking

Kitchen faucet

Cleaning

Bath faucet

Showering

Showerhead

Laundry

Clothes washing machine

Dish cleaning

Dish washing machine, kitchen faucet

Toilet flushing

Toilet

The econometric model used to describe the awareness level will be a bivariate
ordered probit model. This is attributed to the following two reasons: (1) Responses
will have a ranked order, and (2) there is a high possibility that correlation exists
between the behavior and technology.
Regarding the ranked order, respondents were asked to identify where they
believe they need to change their behavior and/or install efficient plumbing fixtures.
In turn, their answers were transformed according to the matrix shown in table 4.1.
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The reason for transforming the answers and not explicitly asking respondents
where they see themselves (for instance fully aware) is that there is a possibility
that water conservation practices can be overemphasized, since saving water is
socially appealing (Willis et al. 2012). More importantly, concerning the practice of
taking surveys, Fowler (1995) in his survey design book recommends presenting
socially desirable questions in an indirect way to reduce bias.
The bivariate ordered probit model takes the typical form as the ordered probit
model. However, the bivariate ordered probit model is composed of a two-single
equation system (univariate); each one is an ordered probit model (Mannering,
2015). This two-single equation system is capable of capturing any correlation
between the two dependent variables.
Thus, in a univariate ordered probit model:
𝑧 = 𝛽x + ε

[Eq. 4.1]

Where Z is the unobserved dependent variable (in this case technology awareness
level, and behavior awareness level). The modeler only observes the categories
in the model (no awareness, medium, full awareness).
X is a vector of independent variables that will estimate the discrete ordering for
dependent variable; β is a vector of estimable parameters; and ε is a random
disturbance.
Thresholds are used as cut-off points between categories, as shown below:
μ represents the threshold values which correspond to integer ordering.
y = 1 if z ≤ μ 0
y = 2 if μ 0 < z ≤ μ 1
y = 3 if μ 1 < z ≤ μ2
y = ...
y = I if z ≥ μI –1
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In developing the econometric model for this research task, and in order to facilitate
using the statistical software, the ranking of awareness levels are coded as follows
(this applies for both technology and behavior): No awareness = 0; Medium
awareness = 1; Full awareness = 2.
Until this point, the discussion focused on the ordered probit model. In the case of
a bivariate ordered probit, the model is constructed from a univariate ordered probit
as shown in equation (4.1). The system of equations for the bivariate will look as
shown in equations 4.2 and 4.3:
Zi1= β1xi1+εi1

Eq [4.2]

Zi2= β2xi2+εi2

Eq [4.3]

Where Zi1 and Zi2 correspond to the two dependent variables, namely behavior
level and technology level.
The significance of the bivariate ordered probit is attributed to its ability in
estimating more accurate model parameters and thresholds than the univariate
ordered probit. Therefore, a test should be conducted to examine the correlation
between technology and behavior; this can be done by a correlation test as in
equation 4.4
ρ=Cor(εi1, εi2)

Eq [4.4]

The decision to use a bivariate ordered probit depends on the value of ρ; that is, if
the correlation parameter is statistically significant (high t-value), this indicates a
correlation between the two awareness models. Otherwise, a system of two
equations will be used based on a univariate ordered probit, such that one model
will be used for technology and the second one will be used for behavior. In other
words, parameters of each model will not need to be corrected if no correlation
exists.
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4.4

Bivariate Ordered Probit Model (BOPM) Estimation Results

In developing the BOPM, different types of variables are used. For instance, two
or more variables are combined to construct a new variable. Further, indicator
variables are generated combining variables of different scales. It should be noted
that initial choice of model variables was based on the water demand and demand
management literature. Moreover, variables are included in the model based on
their statistical significance.
Table 4.3 presents estimation results for the behavioral awareness model.
Table 4.3 Ordered Probit Estimation Results for Behavioral Level of Awareness
(t-stat in parenthesis)
Variable Description

Estimated Parameter

Perception of showerhead consumption (1 if the respondent
believes it is one of the highest water consumption fixtures; 0

0.239 (1.99)

otherwise).
Indicator of housing type and awareness of the existence of water
saving devices (1 if living in apartment unit and not aware; 0

0.347 (2.42)

otherwise).
Indicator for economic status (1 if lives in Eastern Amman and
monthly income is less than 800 JD; 0 otherwise).
Number of total end-use fixtures (1 if number of total end-use
fixtures is more than 6; 0 otherwise).
Quarter water bill is less than 30 JD AND storage size at home is
greater than 4 m3 (1 if yes, 0 otherwise).
Indicator of housing area and the current saving devices, if any (1

-0.249 (-1.91)

0.56 (3.67)

0.254 (1.71)
-0.196 (-1.62)

if housing area greater than 100m 2 and does not have any saving
device; 0 otherwise).
Measuring positive attitude toward water resources. This variable
indicates whether the agent is willing to hear about water-shortage
problems (1 if agent believes that water is limited and is willing to
save water; 0 otherwise).

0.533 (3.78)
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Table 4.3 Continued
Awareness of the benefits of water-saving plumbing fixtures (1: yes;
0: No).

0.486 (2.18)

In fact, a wide range of variables are used in building up this model. In general,
these variables can be categorized into household structural variables, economic
variables, plumbing fixtures, and attitudinal perspectives on water resources in
Jordan. Elaborating further: Household structural variables correspond to the
dwelling type (apartment or house) and area, and whether the household lives in
eastern or western Amman. Plumbing fixtures variables investigate the current
possession of efficient plumbing fixtures, and the ranking of plumbing fixtures
based on their water consumption. Economic variables examine the role of income
and the quarterly water bill as one of the drivers to change current habits of water
use. Attitudinal perspectives ask respondents about their beliefs on water
availability in Jordan, and if they are willing to hear more about water issues such
as educational campaigns and shortage issues.
Starting with the plumbing fixtures variables, analysis of the model results shows
that respondents who believe that the showerhead consumes a lot of water inside
their homes are more likely to change their consumptive behavior toward a more
conservative one. To elaborate more, this variable asks respondents to indicate
how much they believe that showerhead fixtures consume water based on a (1 to
6) scale, where 1 indicates the least water consuming device, and 6 indicates the
highest water consuming device. Moreover, this variable indicates if the household
ranks the showerhead fixture at 3 or more based on the aforementioned scale.
In other words, respondents who believe that showerhead fixtures are one of the
top three water-consuming fixtures are more likely to adopt a more conservative
habitual water use. As a matter of fact, the sign of this variable was expected, such
that the more the household is aware of the showerhead fixture, the more likely it
is to change its behavior. In a similar fashion, George and De Leo (2003) claimed
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that consumers who possess information about high consumption fixtures and
habits tend to change their daily water use habits. More importantly, showerhead
fixtures consume around 16% of total indoor water use in Amman households
(Chebaane et al., 2013), which puts showerhead fixtures as one of the high water
consumption fixtures inside households in Amman.
Another model variable that intervenes on consumers’ behavior is the recognition
of the benefits of efficient plumbing fixtures. In this regard, respondents are asked
whether they believe efficient plumbing fixtures bring any benefits to them. As
expected, this variable positively contributes to the awareness of the respondent.
In agreement with this finding, Willis et al. (2011) found a positive relationship
between the consumer’s perception on plumbing fixtures’ benefits and reduced
water demand. A similar study conducted by George and De Leo (2003) claimed
that as consumers believe in the positive impact of low water consumption, their
total water consumption lessens from adopting positive habits.
More in the same vein, model estimation suggests that as the household has more
than 6 end-use fixtures, a change in the daily water use habits is expected to be
more conservative. This variable essentially indicates whether the household has
more than one plumbing fixture at any end-use, such as having two or more bath
faucets, or showerheads. In fact, this variable indirectly measures the impact of
the family size on total water consumption. Literature on this variable supports the
argument that as the number of household members increase, the per capita water
demand decreases (Al-Najjar et al., 2011; Domene and Sauri, 2006).
Moving to household structural variables, the model suggests that respondents
who live in apartments and are not aware of the existence of efficient plumbing
fixtures are more likely to participate in demand management by reducing their
water use behaviors. This might be supported by the fact that as those consumers
do not know about the existence of efficient plumbing fixtures, they are left with
behavioral change as the only option to reduce their consumption. In investigating
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the impact of housing typology on water consumption, Nauges and Thomas (2000)
attested that apartment units are negatively correlated with household water
consumption. As such, the model developed in this research task can serve as an
explanatory tool as to why some variables developed in “conventional demand
management studies” have positive/negative impacts on water demand.
Interestingly, dwelling area has potential negative impacts on water use behavior.
For example, households whose housing area is greater than 100 m 2 and do not
have efficient plumbing fixtures are less likely to develop positive conservative
water use habits. In fact, the sign of this variable was expected. As the area of the
household gets bigger, combined with the fact that the household does not
possess any efficient plumbing fixture, the effect is that water demand is more
likely to increase when compared to a smaller area of residence. This can be
confirmed by previous studies that found positive relation between water demand
and housing area. For instance, Nauges and Van Der Berg (2009) conducted a
study on domestic water demand in Sri Lanka and concluded that as household
size increases, water demand increases. In fact, when the household size
increases, the total demand increases while the per capita demand decreases.
This is in line with Al-Najjar et al., (2011) and Domene and Sauri, (2006). More
importantly, Grafton et al. (2011) found that as the dwelling area increases, the
likelihood to buy efficient fixtures decreases.
The declined interest in adopting conservative water-use habits can be linked to
discretionary water use. As Willis et al. (2011) stated, discretionary water use can
be referred to the amount of water used for non-essential purposes such as pools
and irrigation. However, indoor water use that considerably exceeds essential
needs is seen as discretionary as well (Willis et al., 2011; Actcoss and Ccserac,
2003). Willis et al. (2011) stated, taking showers these days can be seen as a
leisure activity for relaxing. According to Gleick (1996), essential human needs of
water is estimated around 50 l/c/d. Fox et al. (2009) argued that the area of the
dwelling unit is positively related with increased water demand.
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In terms of economic variables, households whose monthly income is less than
800 JD (=1100 USD) and live in eastern Amman are less likely to change their
water habits. This might be attributed to the fact that although water supply is
intermittent for both eastern and western parts of Amman, eastern households
have less water storage capacity in their homes, implying less access to water.
This can be concluded from the survey findings on average storage size for both
sides of Amman. While eastern families store 5.15 m3 on average, westerns enjoy
a much larger storage capacity of 10.31 m3 on average.
As storage tanks are seen as “sources of supply” until water run back in pipes,
households with limited storage capacity are not getting enough water to satisfy
their needs, which reduces their flexibility to change their water use habits.
Interestingly, the descriptive statistics attest to a significant discrepancy in terms
of monthly income between the eastern and western Amman residents. While the
average monthly income for eastern residents is 724 JD, westerns receive on
average 1796 JD monthly. Consistent with past findings, Potter and colleagues
found that the average monthly income for eastern residents is 235 JD, compared
to 1932 JD for western residents (Potter et al., 2010).
This leads into the discussion of another economic variable used to explain the
change in behavior. Respondents who pay up to 30 JD for their water bill and have
a storage capacity of 4m3 at least are more likely to develop positive habits to
reduce their water consumption. According to the water tariff in Amman, a 30 JDwater bill is equivalent to 57 m3 of water. This variable positively intervenes with
consumers’ daily habit of water use. This might be linked to the fact that since
storage tanks provide water during periods of non-supply, consumers usually save
as much as they can to reduce their vulnerability from intermittent supply
(Vairavamoorthy et al., 2007). Hence, behavior adaptation can be one of the tools
used to keep water in storage as long as possible.
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From the attitudinal standpoint, the last variable in the behavioral awareness model
captures the influence of social contact and information exchange between the
connected households (later designated as agents in this research). In essence,
this variable indicates whether a household is willing to hear about water issues in
Amman and is looking to reduce its consumption. To elaborate more, in the context
of complex adaptive systems, household agents will hear about water issues from
their connections, such that each connected agent will communicate its weight
based on its level of behavioral awareness. The higher the awareness level, the
higher the weight to be communicated. As such, it can be inferred from this variable
that household agents who are willing to hear about water issues tend to reduce
their water consumption. The sign of this variable was expected, as households
willing to hear about water issues are more likely to embrace positive habits.
In fact, the inclusion of this variable was inspired by the work of Athanasiadis et al.
(2005), who reported positive correlation between respondent’s willingness to hear
about water issues and the decreased demand. As will be discussed later, since
this variable will keep changing over the simulation, it facilitates the dynamic
interaction between agents to capture their influence on each other’s behavior.
The likelihood of consumers to make water fixture adaptations is captured by an
ordered probit model. In fact, this is the second dimension of the human role in
demand management. It is believed that by developing this model, the correlation
between the two dimensions of demand management can be tested. It should be
noted that a separate model is developed to estimate the probability of buying each
plumbing fixture, as will be discussed in the next chapter.
In general, 13 variables are found statistically significant. Table 4.4 presents model
estimation results.

99

Table 4.4 Ordered Probit Estimation Results for Technological Level of Awareness
(t-stat in parenthesis)
Variable Description

Estimated
Parameter

Indicator for educational level (1 if greater than high school; 0
otherwise)

0.30 (1.70)

Measuring positive attitude toward water resources (1 if agent
believes that water resources are limited, believes in more awareness
campaign, aware of the importance of saving devices, and rebates as

0.34 (5.76)

motivation; 0 otherwise).
Indicator of financial capability (1 if agent can’t afford more than 30JD
for a device; 0 otherwise)
If the agent has more than one bathroom in its home (1: yes; 0: no).
Indicator for perception on toilet consumption (1 if it is given a scale
greater than 3; 0 otherwise)
Indicator for potential saving (1 if agent can save more than 20% of
its current use; 0 otherwise)
If the agent lives in a house with area greater than 200m2
Indicator for the payback period (1 if it is between 6-48 months; 0
otherwise)
Indicator for housing typology and density (1 if living in apartment and
the zoning area is either B,C or D)
If the agent lives in East Amman (1: yes; 0: no).
Indicator for access to piped water (1 if max. supply is 3 days and
storage is less than 10m 3; 0 otherwise)
Indicator of family size and house ownership (1 if owns the house and
family size is greater than 4; 0 otherwise)
Indicator for economic status (1 if monthly income is more than 700
JD and the house was built after 1990; 0 otherwise)

0.41 (3.41)
0.464 (3.24)
-0.334 (-2.78)

0.3 (2.45)
0.38 (2.27)
0.379 (2.87)

0.227 (1.83)
0.206 (1.54)
-0.48 (-3.02)

0.23 (1.92)

0.21 (1.55)

Similar to the behavioral model, the model developed for predicting the likelihood
that a household agent will participate in demand management activities by
installing efficient plumbing fixtures consists of four main variables, namely
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socioeconomic, household structural variables, plumbing fixtures, and perceptions
about water resources.
Starting with socioeconomic variables, model estimation points out that as the level
of education increases—particularly with households who have at least completed
community college degree—the likelihood to buy a water saving fixture increases.
Perhaps the sign and significance of this variable should not be surprising. As the
education level increases, households are likely to be more aware and recognize
the stress put on water resources, which are already limited in Jordan. As a matter
of fact, it can be inferred from survey results that around 90% of households
believe that water resources are limited in Jordan.
When compared with previous studies, higher levels of education are found to be
positively correlated with installation of efficient plumbing fixtures (Berk et al.,
1993). Millock and Nauges (2010) have concluded that higher levels of education
lead to increased awareness of the benefits of water saving fixtures.
Payback period seems to positively intervene with buying efficient fixtures. As the
payback period of the efficient plumbing fixtures is less than 24-36 months, the
probability of installing this device will increase. Willis et al. (2010) argued that the
payback period is one of the motives for installing efficient water fixtures in
Australia. It should be noted that payback period covers monetary savings from
both energy and water (Maddaus et al., 2013; Willis et al., 2010).
Apparently, income has a positive effect on the adoption of water saving fixtures.
This variable is combined with the age of housing unit, as housing units built before
2010 are not required by law to have efficient water fixtures (R. Abdel Khaleq,
personal communication, October, 2015). Families with net monthly incomes
greater than 700 JD and live in a house where it was built on or after 1990 are
more likely to install efficient water saving fixtures. This variable is consistent with
water demand literature. Renwick and Archibald (1998) found that high income
households are more likely to buy water saving fixtures. Millock and Nauges (2010)
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insisted on the positive relation between income and the likelihood to buy water
saving fixtures.
On the other hand, the price of a water fixture can hinder the likelihood of buying
it. In this regard, households who can afford up to 30 JD for an efficient fixture are
more likely to buy it. However, it should be noted that while the final decision to
buy a water fixture depends on the buying decision criteria (as will be discussed in
the next chapter), this variable measures the likelihood that a particular household
is aware of the technological aspect of demand management. In line with previous
studies, Hwang et al. (1994) conducted a study on household adoption of energyefficient devices and found that as purchase price increases, respondents are less
likely to buy these devices. Revelt and Train (1998) developed a mixed logit model
for household appliance choice, and have confirmed the negative impact of
purchase price on the installation of efficient appliances.
The next set of variables includes the attributes of the dwelling unit, namely: area,
type (apartment/separated house), density zone, location (east/west Amman),
supply duration from public network, storage capacity, and the ownership status of
the dwelling unit.
In terms of dwelling area, households who live in large areas, particularly those
greater than 200m2, are more likely to install water saving plumbing fixtures.
Millock and Nauges (2010) corroborated the positive relation between the living
area and the likelihood of buying efficient fixtures. Later, in 2011, Grafton and
others asserted the positive impact of residence area on household water demand.
In fact, the sign of this variable was expected: as the housing unit gets larger, the
demand is more likely increase, thus creating the perception for the household to
find ways to reduce water consumption.
When investigating the impact of dwelling typology, model estimation suggests that
household agents who live in apartments where the zoning category is B or higher
are more likely to participate in demand management activities by installing
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efficient fixtures. In fact, this variable can provide a proxy to the household storage
capacity, the belief being that apartments have much less storage capacity than
single houses. On average, storage tanks (usually rooftop) for apartments have a
capacity of 2m3. Thus, as the storage capacity becomes limited, households tend
to adopt efficient ways so that water can last until it runs back in pipes.
Interestingly, residents of eastern Amman are more likely to adopt water saving
fixtures. In general, the east side of Amman is characterized by low-income
families, as shown earlier by the descriptive statistics. In contrast to Millock and
Nauges (2010), De Oliver (1999) found that high-income families are more
reluctant to conserve water than low-income residents are.
As the supply duration decreases, combined with limited storage, model results
suggest a decreased willingness to participate in demand management activities.
This variable is composed of two questions: first, respondents are asked to indicate
how many days they receive water; and second, they are asked to indicate the
capacity of the storage tanks. It is clear from the model that those households who
receive public water less than 3 days a week, and who own storage tanks of 10m3
at most, are less likely to participate in the technological aspect of demand
management. As storage size provides a proxy to the access to water, it was
predicted that less access to water tends to reduce the potential to save water,
perhaps because most of the available water is used for basic needs. In fact, it
was not possible to compare this variable with available literature for the main
reason that very limited studies of demand management have been conducted on
developing countries where storage tanks are one of the most common adaptation
strategies.
Residence ownership tends to drive big families to conserve water through
installation of efficient fixtures. In essence, families who live in housing units of
their own (not renting) and are composed of at least 4 members are more likely to
participate in demand management activities. This might be attributed to the fact
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that as more family members exist, household water demand tends to increase.
Accompanied with intermittent supply, families tend to reduce their consumption
to allow the stored water to stay for a longer time until the water is turned back on.
Similar results are found in the literature when comparing the impact of household
size on decision to buy water saving fixtures. Millock and Nauges (2010) found a
positive relation between household size and the likelihood to buy efficient fixtures.
As the number of bathrooms increases, chances to participate in demand
management activities and buy efficient fixtures increase. In essence, respondents
are asked to indicate how many bathrooms they have in their houses. In turn, this
variable indicates if the household agent has more than one bathroom. The
influence of this variable on participation in demand management can be explained
by the fact that bathrooms include many end-use fixtures such as faucets and
toilets. Therefore, bathrooms might be perceived as one of the places where
significant amounts of water are withdrawn.
On the other hand, when asked about their perception of toilet water consumption
on a 1 to 6 scale (1 being the lowest consumer and 6 the highest consumer), model
estimation suggests that, as respondents perceive toilets as 4 or more on that
scale, they are less likely to participate in demand management activities. This
might be linked to hygienic attitude, as some studies claimed that consumers value
hygiene regardless of water consumption.
When measuring the impact of perceptions on water conservation, two variables
were found to positively interact with demand management. First; a variable was
constructed to measure the current attitude toward water resources and the
willingness to hear more about water issues in Amman. Basically, this variable is
similar to a variable used in the behavioral awareness model, in the sense that it
captures the influence of information exchange and interactions between the
community of consumers.
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In essence, respondents are asked: whether they believe that water resources in
Jordan are limited; if they develop mitigation plans when water is very limited; if
they are willing to hear from the media/news about water supply issues; whether
they believe in rebates as one instrument for motivation to buy plumbing fixtures;
and if they currently have at least one efficient fixture. The sum of these questions
will vary from one household agent to another, thus capturing one side of
heterogeneity between agents (as will be discussed in detail in the next chapter).
Once each household agent calculates its own attitudinal variable, two other
variables will be multiplied by this variable. These two variables are: (1) the weight
of the impact of each connected agent (which typically depends on the level of
technological awareness), and (2) the amount of deficit this agent is facing. The
positive sign of this variable can be translated into the increased tendency of
household agents to conserve water. Athanasiadis et al. (2005) developed a
variable similar to the one used here but without considering the influence of deficit
on the interactions between agents.
The rationale behind adding the deficit value can be attributed to the belief that as
a household agent experiences a shortage in supply, this can act as a stressor
toward more conservational acts.
The second variable in the category of perceptions is the amount of water the
household believes it can save. Respondents who are looking to save more than
20% of their current water consumption are found to be more likely to participate
in demand management activities. The sign of this variable was expected, as
Millock and Nauges (2010) found that consumers who stated they have positive
intentions to conserve water have increased their probability of buying efficient
plumbing fixtures.
The results of the BOPM are shown in table 4.5. Model results can be interpreted
in the same fashion as the behavioral and technological awareness model were
explained. One thing worth noting is the correlation coefficient. It is found that the
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behavioral dimension and technological dimension are negatively correlated. This
coefficient is statistically significant with t-stat of (-2.42). The negative correlation
indicates that installing an efficient fixture presents the potential of, at least, not
changing the behavior of using this fixture, if not increasing the behavior. In the
same way, changing the behavior toward a more conservative one could end up
in the reducing the importance of acquiring a water saving fixture, thus decreasing
the probability of buying an efficient plumbing fixture.
It should be noted that the threshold parameters do not provide explanation but
are important in computing probabilities with each discrete outcome (Mannering,
2015).
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Table 4.5 Bivariate Ordered Probit Model Estimation Results for Behavioral
Awareness Model and Technological Awareness Model (t-stat in parenthesis)
Variable

Estimated Parameter
Index Function for Probability Model for “Behavioral Change”

Constant

-1.44 (-4.49)

Perception of showerhead consumption Perception of showerhead

0.32 (2.36)

consumption (1: if the respondent believes it is one of the highest
water consumption fixtures; 0: otherwise).
Indicator of housing type and awareness of the existence of water

0.38 (2.22)

saving devices (1 if living in apartment unit and not aware;0 otherwise)
Indicator for economic status (1 if lives in Eastern Amman and monthly

-0.29 (-2.00)

income is less than 800 JD; 0 otherwise)
Number of total end-use fixtures (1: if total end-use fixtures is more

0.52 (2.72)

than 6; 0: otherwise).
Quarter water bill is less than 30 JD AND storage size at home is

0.38 (2.24)

greater than 4 m3 (1: if yes, 0: otherwise)
Indicator of housing area and the current saving devices, if any (1 if

-0.27 (-1.94)

housing area greater than 100m 2 and does not have any saving
device; 0 otherwise).
Measuring positive attitude toward water resources. This variable

0.37 (2.45)

indicates whether the agent is willing to hear about water-shortage
problems (1 if agent believes that water is limited and is willing to save
water; 0 otherwise).
Awareness of the benefits of water-saving plumbing fixtures (1: yes; 0: 0.48 (2.03)
no)
Index Function for Probability Model for “Technological” Change
Constant
-2.13 (-5.26)
Indicator for educational level (1 if greater than high school; 0
otherwise)
Measuring positive attitude toward water resources (1 if agent believes
that water resources are limited, believes in more awareness
campaign, aware of the importance of saving devices, and rebates as
motivation; 0 otherwise).
Indicator of financial capability (1 if agent can’t afford more than 30JD
for a device; 0 otherwise)
If the agent has more than one bathroom in its home (1: yes; 0: no).

0.39 (2.34)

Indicator for perception on toilet consumption (1 if it is given a scale
greater than 3; 0 otherwise)

-0.36 (-2.81)

0.35 (5.42)

0.29 (2.30)
0.6 (3.93)
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Table 4.5 Continued
Indicator for potential saving (1 if agent can save more than 20% of its
current use; 0 otherwise)
If the agent lives in a house with area greater than 200m2

0.32 (2.51)

Indicator for the payback period (1 if it is between 6-48 months; 0
otherwise)
Indicator for housing typology and density (1 if living in apartment and
the zoning area is either B,C or D)
If the agent lives in East Amman (1: yes; 0: no).

0.45 (3.45)

0.4 (2.04)

0.45 (3.5)
0.34 (2.43)

Indicator for access to piped water (1 if max. supply is 3 days and
-0.3 (-1.89)
storage is less than 10m 3; 0 otherwise)
Indicator of family size and house ownership (1 if owns the house and
0.24 (2.01)
family size is greater than 4; 0 otherwise)
Indicator for economic status (1 if monthly income is more than 700 JD 0.25 (1.73)
and the house was built after 1990; 0 otherwise)
Threshold Parameters for Probability Model for “Behavioral” Change
THRESHOLD 1
1.75 (11.9)
Threshold Parameters for Probability Model for “Technological” Change
THRESHOLD 2

1.34 (14.06)
Correlation Coefficient
-0.11 (-2.42)

Therefore, presenting the BOPM can provide a better estimate for variables’
coefficients, thus reducing bias and uncertainty in evaluating the likelihood of
participating in demand management activities.
4.4.1.1 Closing Remarks: Offsetting behavior
There is no doubt that efficient plumbing fixtures can significantly reduce water
consumption. However, there is doubt about the efficiency of such an approach as
a result of offsetting behavior being developed by those acquiring these fixtures.
Offsetting behavior can impair the expected savings from efficient fixtures. This
can be caused by the perception that having an efficient fixture implies less water
being used, thus consumers might feel they can take longer showers, for instance.
Consumers tend to develop the feeling that their total water used for this a specific
activity will not increase when compared to before they had the efficient fixture.
It can be said that the findings of the BOPM developed here support the doubts of
Geller et al. (1983) regarding the effectiveness of demand management policies
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that only focus on efficient plumbing fixtures. It is possible that Geller and
colleagues in 1983 were the first commentators to express their concerns about
offsetting behavior. Later in 2011, Grafton et al. speculated that as the efficiency
of the fixture increases, the unit cost of providing water will reduce. Theoretically,
this might end up increasing the duration of activity at certain end-uses.
This area is of a great concern and holds strong potential for further studies that
examine how behavior might change overtime when installing and not installing
efficient fixtures (longitudinal studies).

4.5

Summary

This chapter presented the development of an econometric model to predict the
extent to which water consumers will participate in demand management activities.
The novelty of this model stems from its ability to independently address the two
main dimensions in residential water demand, namely the behavioral and
technological. Furthermore, the model is designed to predict three levels of
participation (awareness) in demand management ranging from not aware to fully
aware.
Model development follows two main steps: (1) univariate ordered probit model
(two-equation system), and (2) the bivariate ordered probit model based on the
system of equations previously developed. The significance of the bivariate
ordered probit is attributed to its capacity in estimating more accurate model
parameters and thresholds than univariate ordered probit. It was found that the
behavioral and technological models are negatively correlated, suggesting that the
bivariate ordered probit model is better used in this case than univariate ordered
probit.
Unlike previous demand management studies, and in the context of developing
countries, nonconventional as well as conventional variables from literature are
used in building this model. For instance, households’ storage capacity and supply
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duration are introduced in this model and found statistically significant. Other
variables, such as socioeconomic, household structural variables, plumbing
fixtures, and attitudinal perspectives on water resources are used as well.
In a country characterized by its very scarce water resources, let alone its financial
concerns, water conservation in Jordan is at the top of a long list of concerns for
policy makers. The ability of this model to determine which aspect (behavioral vs.
technological) is responsible for reducing consumption is critical to the success of
the efforts toward conserving this limited resource. Therefore, this model can
explain why different profiles of water demand exist, especially in cities where
socioeconomic polarities entail different perceptions on what is discretionary and
what is not a discretionary water use.
It is important to highlight where the savings come from. In other words, in
response to a demand management policy, behavioral changes can take place
more than technological adaptations. As such, the cost of behavioral changes are
seen as the least expensive ones when compared with technological changes.
That is not to say that efforts should be directed toward behavioral changes; rather,
a combination of technological and behavioral adaptations is required. However,
when setting a demand management policy, it is critical to understand how
consumers will react, thus allocating enough funds for the required demand
management program and providing a clearer timeline as to when reductions in
demand should be expected. In turn, such reductions can postpone capital
investments on physical infrastructure.
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MODELLING THE HETEROGENEITY OF CONSUMERS AND
THEIR INTERACTIONS ON DEMAND MANAGEMENT

5.1

Introduction

The main objective of this chapter is to demonstrate the development of a
computing and estimating environment to determine the demand on water from
residential consumers. In doing so, interactions between different entities in the
residential water system in Amman, Jordan, are captured.
This research task posits water supply as a complex adaptive system to account
for the heterogeneity of the residential water customers. The development follows
four main steps: (1) define the agents, (2) construct the environment, (3) assign
the rules of interactions between agents; and (4) implement the model. This task
develops an agent-based model (ABM) which reflects the complex interactions
between two types of agents: consumer and supplier.
The developed model will be capable of highlighting the role of complexity upon
participation in demand management. Complexity arises due to information
exchange regarding the available supply, the demand required by consumers, and
reactions to different demand management policies.
In doing so, different profiles of water demand can be constructed and compared,
supported by the level of awareness models developed in the previous chapter.
As such, policy makers can better understand how consumers might endorse a
demand management policy.
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5.2

Water supply-demand as complex adaptive system

The uneven distribution of water on earth, increasing population growth, and
negative impacts of human activities on the quality and quantity of water contribute
to the complexity of water systems as never before (Akhbari and Grigg, 2013).
Moreover, traditional water demand modelling has been criticized for its inability to
capture the feedbacks between constituent elements and for its functional form
(using a set of variables with aggregate water demand). Such drawbacks have
increased the inaccuracy in estimating water demand (Howe and Linaweaver,
1967; Espey et al., 1997). Therefore, it is not surprising that the current trend in
managing water systems is employing simulation techniques that can run different
demand management policies under different scenarios of population growth and
water availability (Chu et al., 2009).
In water supply systems, ABM techniques have been used recently in order to
better capture the complexity of interactions between suppliers and consumers.
The strength of ABM in simulating such complex systems stems from its ability to
build a bottom-up approach for water demand (Galán et al., 2009; Chu et al., 2009),
along with benefits mentioned in chapter 2.
This research posits that water supply systems, at least residential supply systems,
are characterized by complex interactions and feedbacks between different actors
who impact emergent system performance (Giacomoni et al., 2013).
In the current study, three main reasons prompt the use of agent-based model:


Heterogeneity: different types of agents are considered; namely, consumer
agent and supplier agent. Each agent has a set of objectives and
motivations to achieve.



Learning process: as agents could experience different conditions such as
variations in supply levels or demand management plans, their objectives
might evolve over time in response to different conditions.
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Self-ruling process: along with the different types of actors, those agents
have diverse attitudes and perceptions of the need to conserve water.
Moreover, some events are out of any agent’s control, such as limited
supply due to severe droughts or increased rainfall amounts.
5.3

Characteristics of the proposed model

Having established the suitability of ABM for this study, and before getting into the
details of the ABM model, the proposed model is characterized by the following:


Consumers’ awareness: as consumers have different attributes such as
socioeconomic and water use, it is expected that individuals will have
different levels of adoption of technological innovations. It is also expected
that consumers will have different behavioral attitudes toward water use.



Residential water demand: a bottom-up approach for estimating residential
demand is used in this research. This approach not only acknowledges the
decentralized demand resulting from each consumer agent, but also
changes in demand as consumers change their awareness level.



Adoption decision: previous complex adaptive studies regarding water
demand did not examine the role of decision making. Most of these studies
have assumed the decision making of agents to be fully rational. This
research considers different algorithms when it comes to buying a plumbing
fixture, ranging from simple to more thoughtful and conscious decision
making.



Characteristics of plumbing fixtures: as agents have different types of
adoption decisions, it is believed that information regarding plumbing
fixtures, such as cost and water savings, will influence their adoption or
rejection.

The above statements clearly show that in order to predict water demand and
promote demand management plans, policy makers should understand the
characteristics of consumers (awareness, decision making, and the like) and the
characteristics of the water plumbing fixtures as well. By doing so, more variables

113
are introduced into the complex adaptive system environment, which could reduce
uncertainty in estimating residential water demand.
5.4

ABM Development for Residential Water Demand

Within the context of water systems, three main elements are needed to build an
ABM (Kanta and Zechman, 2013; Chu et al., 2009): (i) Agents, (ii) Environment,
and (iii) Interaction rules. In building the ABM, two main phases should be followed:
the abstraction phase and the implementation phase. The phases have been
applied to the current research as explained in the sections below.
5.4.1 Abstraction phase
This phase concerns the definition of goals, objectives of each agent, and
interaction rules between constituent elements. As such, agents in this research
include: (i) water supplier agents, and (ii) water consumer agents.
5.4.1.1 Environment
The environment represents the space where agents interact with each other. In
this research, the environment is mainly used to define the type of network
connectivity between agents. More importantly, the environment is used to
synchronize different events such as supply capacity.
5.4.1.2 Agents
In this research, two main agents are defined: the consumer agent and the supplier
agent. A consumer agent in this research represents a family living in Amman,
while a supplier agent represents the entity in charge of water supply and
distribution. The main objective of a consumer family is to meet its water demand.
In order to calculate water demand for each consumer agent, attributes of
individual agents are needed. These attributes are collected from the survey data
discussed in chapter 3. An example of such attributes is shown in Table 5.1.
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Table 5.1: Example of Data Requirements for Consumer Agent
Income
Maximum expenses on water (%income)
Education
Social
Cluster Size, Network connection
Demographic Family size
Housing type (flat, detached, semi-detached)
Housing area (m2)
Structural
Housing type
Year built
Location (east/west Amman)
Technology
Existing water devices
Efficiency of devices (e.g., Liters/minute)
Behavior
Frequency of using devices
Economic

Consumer agents will estimate their water demand based on a water demand
model that is built based on an end-use approach. The adoption of this approach
helps in more accurately estimating water demand at each end-use fixture such as
showering and laundry machines. The demand function will follow the model
developed by Jacobs and Haarhoff (2004). The model structure is shown in
Equation 5.1:
AMDDi,m,e= a m,e x b m,e x c m,e x n

[Eq. 5.1]

Where AMDD: average monthly daily water demand at indoor (i) associated with
end-use device (e), during month (m), for a household of size (n) members; a:
represents the availability of this end use (0/1); b: efficiency of the plumbing fixture
at end-use (L/min/person) or (L/event/person) (e); c: frequency of using this fixture
(events/person/day); and n: number of family members (persons). This equation
will calculate the average daily demand for a household in (L/day).
In line with outputs from the econometric model developed for the awareness level,
this end-use model will capture any changes in consumers’ behavior or technology,
translating such changes to water demand for the community of residential water
customers. Moreover, as the water supply system in Amman and many developing
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countries have different sources of supply (piped and non-piped), consumer
agents will seek extra non-piped water to cover the water deficit they are facing.
This non-piped water model will be discussed in the next chapter.
Besides the data shown in Table 5.1, each consumer agent (household agent) is
initiated with the following data:
-

Current ownership of the plumbing fixtures (whether it has efficient fixture).

-

Frequency of using different end-use fixtures.

-

Variables needed for the level of awareness models.

-

Variables needed for the non-piped water demand.

On the other hand, the supplier agent is in charge of providing consumers with
their water needs while imposing a specific supply policy, such as the per capita
allocated supply. Moreover, the supplier agent can apply specific demand
management policies, such as giving rebates on certain plumbing fixtures, or even
providing free fixtures to install. As the supplier agent tracks the total water
consumption, specifically in situations where supply levels are decreased, the
supplier announces a demand management policy by sending saving messages
(as an awareness campaign) to consumers, by asking them to buy new efficient
plumbing fixtures, or both. By doing so, the behavioral and technological
awareness will evolve over time.
5.4.1.3 Interaction rules
Once the attributes of each agent are defined, the next step is to define how agents
interact with each other. As noted earlier, the consumer (family) agent generates
its need for water using the end-use model described in Equation 5.1. Two main
parameters will affect each family’s water demand, the first being the efficiency of
the water device at each end use, and the second being the frequency of use for
each end-use fixture. Moreover, one of the main attributes of the consumer agent
is the level of awareness of water conservation. The output from the first research
task in the previous chapter will be used to assign each consumer agent with the
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corresponding level of awareness. It is anticipated that each consumer agent will
have its own level of awareness according to its attributes.
In the meantime, the supplier agent defines the amount of supply available for
residential uses. According to interviews with the Ministry of Water and Irrigation
(I. Dahiyat, personal communication, November, 2015), per capita water supply is
estimated around 85 l/c/d. This figure comes from a monthly supply of 12MCM set
by the MWI. However, physical losses account for up to 35% while the residential
sector shares 85% of the remaining supply.
Therefore, the rules of interaction are significantly dependent on the demand
management policy, as will be discussed in the following paragraphs. For this
research, two main management policies are applied: increasing the awareness
of consumers toward more conservation actions through campaigns and public
media, and the introduction of technologies (plumbing fixtures) to promote savings.
To this point, consumers are capable of estimating their water demand, while the
policy maker provides supply. As such, one can argue the existence of interactions
and feedbacks between agents. In other words, the model lacks any complexity or
dynamics that would affect water demand. The next paragraphs discuss the
dynamics of changes and feedbacks between agents.
One of the main factors that influence water demand is the awareness level and
behavioral attitude toward water resources. It is widely acknowledged that the
attitude of consumers toward water affect total consumption (White et al., 2003,
Fielding et al., 2013). In turn, the level of awareness of consumers is affected by
information exchange regarding current water availability. This dynamic has been
modeled in this research via an opinion diffusion model which deals with one
aspect of the awareness; namely, the behavioral awareness.
Another factor that affects water consumption is the role of technology (plumbing
fixtures). The diffusion of technologies is not an instant process, due to the decision
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making process and characteristics of technology. More importantly, diffusion is
affected by consumers’ interaction. This prompts the need for a technology
diffusion model to be incorporated in this research. This diffusion model explicitly
addresses one aspect of awareness: technological awareness.
5.4.1.3.1 Mechanisms of diffusion
In line with the above, and to facilitate the rules of interactions, two mechanisms
are used to represent how demand management policies can impact a consumer’s
demand as well as the demand of other consumers. These mechanisms are the
opinion diffusion and technology diffusion. Both diffusion mechanisms are based
on well-rooted theoretical models (Newman, 2003; Bass, 2004).
It is noteworthy to mention the communication channels between agents. As the
diffusion of opinion or technology varies according to the network structure, this
research is not intended to explicitly conduct a network analysis study. In fact, this
factor motivates future research work for incorporating more dynamics in water
demand management studies.
5.4.1.3.1.1

Opinion diffusion

The opinion diffusion model is based on the fact that a decision to embrace a
specific behavior is significantly affected by the number of neighbors who adopt
this specific behavior, resulting in a positive influence (Newman, 2003).
Consumer agents will have their own levels of behavioral awareness (one of the
equations in the bivariate model). In addition to this individual behavior, social
pressure, represented as the dynamic interaction between neighbors in connected
networks, could have significant influence on the decision of a consumer agent to
modify its behavior. In other words, the social interaction between consumers will
modify the level of behavioral awareness of each consumer agent.
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According to the behavioral awareness model presented in the previous chapter;
one of the independent variables that positively intervenes on agents’ behavior is
an attitudinal variable. This variable indicates whether a household agent is willing
to hear about water issues in Amman, and is looking to reduce their consumption.
In the construct of this model, each agent receives information through its
connections. Based on the classification of awareness levels, agents who are not
aware will spread this behavior to their connections. On the other hand, agents
who are moderate to fully aware will communicate a positive influence to their
connections. It should be noted that the value that each agent receives equals the
number of connected agents who are at the same level of awareness divided by
the agent’s total number of connections. In other words, the degree of influence on
each agent can be expressed as in Equation 5.2:
𝑤i = 1 + Pa − Pn

[Eq. 5.2]

Where; wi: total weight received by agent i; Pa: Percent of “behaviorally” aware
agents who are connected to agent i; Pn: percent of agents who are not aware and
connected to agent i.
Moreover, to account for the increasing pressure on the water supply, a parameter
is included that takes into consideration the ratio of demand to supply. In this
regard, the supplier agent, on a monthly basis, calculates the total demand from
all consumers and compares this value with the available supply. This way, the
pressure on water system can be incorporated into the behavioral model by
multiplying this parameter by the coefficient of the independent variable that
measures the willingness of consumers to hear about water problems. This
pressure parameter is called a stress indicator and is calculated according to
Equation 5.3:
Stress Indicator =

Demand
Supply

[Eq. 5.3]
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In total, each agent receives two types of information during information
exchange: (1) from the agent’s connections, and (2) from the supplier agent in
the form of stress indicator (Eq. 5.3).
5.4.1.3.1.2

Technology diffusion

The second mechanism that will affect the water demand of a single agent is the
adoption of plumbing fixtures. For model initiation, most consumers will be
assigned with typical (i.e. relatively inefficient) plumbing fixtures at all end-uses.
However, a small percentage of consumers will be initiated with efficient plumbing
fixtures. This is based on survey results which show that around 18% of household
agents have one efficient fixture installed in their homes.
Similar to the opinion diffusion mechanism, the diffusion of efficient plumbing
fixtures will mainly depend on the level of technological awareness as estimated
in the previous chapter.
The diffusion of any device is also influenced by the connections between
consumers. In turn, connections depend on the connectivity network. From a
preliminary review of the literature, many ABM studies on water have used a small
world network. For instance, Shafiee and Zechman (2011) studied contamination
in water distribution systems. Other examples of small world networks include
social networks and the network of internet connectivity (Borshchev, 2013; Kanta
and Zechman, 2013). In fact, Kanta and Zechman (2013) developed ABM for
residential water demand management to simulate the interactions between
consumers using a small world connectivity.
As such, the model will be initiated by a small world network to construct the
connectivity between consumers. The small world network implies that an agent
would have connections with its neighbors, with only a small percentage of its total
connections being devoted for distant agents. The connections between agents
are rewired continuously such that random links are added and deleted. In this
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study, the rewiring property is modeled by the word of mouth mechanism as a
social communication model.
The connections for each consumer agent will be defined based on the data
provided by the survey. Respondents were asked to indicate where they live and
the average number of neighbors and friends they have direct contact with.
One of the independent variables for the technological awareness model
measures the attitude toward water resources in Jordan and the willingness of the
agent to hear more about water issues. This variable is similar to the one
developed in the behavioral awareness model. To elaborate more, the simulation
environment permits each household agent to calculate the number of connected
agents under each level of awareness. In turn, each agent communicates its level
of awareness so that agents who are not aware will try to propagate their level of
awareness while agents who are moderate to fully aware will communicate positive
influence toward increasing the awareness. The coefficient of the independent
variable that represents the willingness of the agent to hear about water issues will
be multiplied by the influence factor that is calculated in Equation 5.4:
𝑤i = 1 + Pa − Pn

[Eq. 5.4]

Where; wi: total weight received by agent i; Pa: Percent of “technologically” aware
agents who are connected to agent i; Pn: percent of agents who are not aware and
connected to agent i.
Moreover, the pressure on water supply is incorporated in the technological
awareness model by multiplying the stress indicator by the coefficient of the
independent variable that measures the willingness of consumers to hear about
water problems. The stress indicator is calculated according to Equation 5.3. As
such, during periods of high deficit (i.e: high stress on water resources), it is
expected that the awareness of agents will increase.
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As discussed in the opinion diffusion mechanism; each agent receives two types
of information during information exchange: (1) from the agent’s connections,
and (2) from the supplier agent in the form of stress indicator (Eq. 5.3).
To facilitate the communication between agents and the diffusion of plumbing
fixtures, the Bass diffusion model will be used (Bass, 2004). Bass’s model has
been rated as one of the top 10 influential models developed for management
sciences in the past 50 years. One of the main features of Bass’s model is that it
is easy to understand. In essence, the Bass diffusion model states that the rate of
adoption of a product depends on the number of adopters of this device and the
individual interest in this device. Individual interest implies that the decision making
rule is of great influence for the adoption or rejection of plumbing fixtures.
In events where the supplier asks for demand management and consumer agents
face water scarcity, agents start looking for plumbing fixtures that will reduce their
water consumption. However, as discussed in the features of this model in section
5.3, the diffusion of plumbing fixtures does not assert that all agents will adopt
these fixtures.
This is attributed to two main facts. First, interest in technology depends on the
bivariate ordered probit model that measures the level of awareness toward
efficient fixtures. For instance, some agents will be interested in buying all efficient
devices (full awareness), whereas others will only look to buy two devices. Second,
the buying decision entails possibilities of acceptance and rejection of plumbing
fixtures. Therefore, the complexity of decision making ranges from simple to more
complicated processes. Three different rules of decision making are developed to
simulate the rejection or adoption of plumbing fixtures: (1) social norm decision, (2)
reserve price decision, and (3) thoughtful decision.
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1- Social norm decision
This decision making rule is the simplest decision criteria developed in this
research. The social norm decision rule implies that a consumer agent will buy a
plumbing fixture based on the number of adopters within its social network. This
approach is currently used in ABM studies on water demand to represent the
diffusion of water devices (see Kanta and Zechman, 2013; Lo’pez-Paredes et al.,
2005).
Further, agents who make their decision based on the social norm will buy a
plumbing fixture once a predefined percentage of its connections have adopted
this specific fixture.
2- Reserve-price decision making
This decision making rule implies that a consumer agent will buy a device based
on two conditions: (a) that it has heard about a plumbing fixture, and (b) that the
price of the plumbing fixture does not exceed acceptable financial limits.
For the first condition, agents are exposed to advertisements for plumbing fixtures
or receive messages from their connections to buy these fixtures. The second
condition implies that each agent can afford a maximum cost for a plumbing fixture.
The value of the maximum affordable cost follows data from the survey.
The reason for including such decision rules is that, although agents may be
influenced by their networks and follow social norms, some may have limited
resources of income.
3- Thoughtful decision making
To reflect the complexity in decisions to buy plumbing fixtures, a more complicated
decision rule is developed for this research. In an attempt to understand how
agents make decisions when faced by discrete set of choices, a decision rule is
presented here based on probability models.
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For this type of decision making, a probit model is developed to account for the
characteristics of each plumbing fixtures, along with other socioeconomic data. In
doing so, a multivariate probit (MVP) model is established. The rationale behind
using the MVP model is the fact that agents face many fixtures and there is a
possibility of correlation between the probabilities of buying the fixtures. For
instance, if a consumer buys efficient bath faucets, this might be correlated with
faucets installed in the kitchen.
In essence, the MVP model is a series of binary probit models used to estimate
correlated outcomes (Tabet and Tabet, 2007).
The functional form of the MVP model is shown in Equation 5.5:
𝑦1 = 𝛽1𝑋1 + ε

(y1=1 if y1∗>0)
[Eq. 5.5]

𝑦2 = 𝛽2𝑋2 + ε (y2=1 if y2>0)
Where 𝑦1 is the unobserved (latent) variable; β: vector of estimable parameters;
X: vector of independent variables; ε is a random disturbance and Y: observed
dependent variable.
Table 5.2 presents estimation results for the MVP model. It should be noted that
the variables used for this model come from the survey results.
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Table 5.2: Estimation Results for the Multivariate Probit Model for Buying
Efficient Fixtures
Variable Description

Estimated
Parameter (t-stat)
Efficient Toilet (01)

Indicator for supply duration and estimated saving from efficient
toilets (1: if supply duration is less than 3 days and the efficient 0.19 (1.44)
toilet saves at least 3l/flush; 0 otherwise)
Indicator of number of toilets inside the home (1: if more than 2
toilets; 0:otherwise)

0.31 (2.33)

Efficient Kitchen Faucets (02)
Indicator for education level (1: if having at least community
college degree; 0: otherwise)

-0.44 (-2.2)

House ownership (1: rent; 2: own)

0.32 (2.2)

Perception on the importance of efficient fixtures (1: if yes, 0:
otherwise)
Amount of potential saving (0-50%)

0.55 (2.61)
0.12 (2.4)

Efficient Bath Faucets (03)
Indicator for education level and awareness of limited water in
Jordan (1: if agent’s education is at least community college 0.29 (1.97)
and is aware of water issues in Jordan, 0:otherwise)
Number of household members
Indicator for estimated savings from bath faucets (1: if faucets
save more than 3.5 l/min; 0:otherwise)
Efficient Dish (04)
Indicator for house age (1: if it is older than 15 years; 0:
otherwise)
Indicator for the duration between next buying decision (1: if it
is more than 9 months, 0:otherwise)
Efficient Showerhead (05)
Amount of potential saving (0-50%)
Indicator for awareness of plumbing fixtures (1: if agent is not
aware; 0:otherwise)
Indicator for household size (1: if less than 6 members; 0:
otherwise)
Efficient Laundry (06)

0.06 (2.15)
0.3 (1.78)

-0.36 (-2.14)
-0.49 (-3.02)
0.09 (1.8)
0.26 (1.99)
-0.39(-2.91)
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Table 5.2 Continued
Indicator for perception of toilet consumption (scale 1 to 6: 1 is
0.07(2.0)
the least consumptive fixture; 6 is the most consumptive fixture)
Indicator of economic status (1: if monthly income is less than
0.26 (1.9)
1500 JD and the agent lives in east Amman; 0: otherwise)
Correlation Coefficients
R(01,02)
0.18 (2)
R(01,03)
0.23 (2.7)
R(02,03)
0.36(4.1)
R(01,04)
0.29 (3.04)
R(02,04)
0.14 (1.3)
R(03,04)
0.29 (2.9)
R(01,05)
0.17 (2)
R(02,05)
0.43 (5.3)
R(03,05)
0.5 (6.9)
R(04,05)
0.26 (2.8)
R(01,06)
0.26 (3)
R(02,06)
0.14 (1.5)
R(03,06)
0.29 (3.2)
R(04,06)
0.23 (2.4)
R(05,06)
0.18 (2.0)

Regarding efficient toilets, agents are more likely to buy such fixtures if the efficient
toilet can save at least 3 l/flush compared to the existing toilet and the piped supply
duration is less than 3 days. The sign of this variable is expected given the limited
supply and the potential savings are high, and agents are more likely to prefer such
savings.
Moreover, if the number of toilets inside the house exceeds two, the agent will
increase its probability of buying efficient fixtures. This might be attributed to the
fact that as more toilets exist, the household agent might develop the perception
of the significant amount of water used by toilets. This would bring substantial
savings, provided that the agent knows that this fixture would save 3L every time
it is used.
Interestingly, level of education negatively contributes to the probability of buying
efficient kitchen faucet fixtures. In terms of economic variables, agents who own
their houses are more likely to install efficient faucets at kitchen taps. This can be

126
confirmed by a study conducted by Millock and Nauges (2010), which found that
home ownership increases the likelihood of buying efficient fixtures. As expected,
the perception on the importance of efficient fixtures increases the chances to buy
efficient fixtures in general. Model estimation shows agents who believe in water
saving are more likely to buy efficient kitchen faucets.
On the other hand, when it comes to buying efficient faucets at bath taps, for
respondents whose level of education is at least at community level and are aware
of water scarcity in Jordan, their chances to buy this fixture increased. Household
size is positively correlated with the probability of buying efficient bath faucets.
Similar to the savings from an efficient toilet, if the efficient faucet saves at least
3.5 l/min compared to the current faucet, the agent is more likely to buy it. In
general, variables used for the efficient bath faucets are found to be consistent
with prior research (Millock and Nauges, 2010).
Regarding efficient dishwashing machines, respondents who live in a house older
than 15 years are less likely to buy such fixtures. This might be related to the
income status of the household, as it is assumed that low income families live in
old houses. When respondents were asked about the duration between their next
decision to buy an efficient fixture, those who indicate that they would buy every 9
months or more are less likely to buy efficient dishwashers. Perhaps as this
duration increases, this might indicate a limited willingness to buy fixtures in
general.
The probability of a household to invest in an efficient showerhead increases
based on two variables. The first is the household indicating that it is looking to
save water. The impact of this variable was expected, as the potential to save
water implies positive actions to be taken by the household. Second, households
who are aware of the benefits of plumbing fixtures are more likely to buy efficient
showerheads. On the other hand, household size seems to negatively impact the
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probability of buying efficient showerheads. To elaborate more, if the household
size is less than 6 members, the chances of buying this fixture decrease.
To understand what makes agents buy efficient laundry machines, model
estimation suggests that as the perception of water consumed by other fixtures
increased, agents were less likely to buy efficient laundry machines. The sign of
this variable might be interpreted as a priority of other fixtures that need to be
bought since their consumption is relatively high. Regarding the economic variable,
households with a monthly income less than 1500 JD seem more likely buy this
fixture.
As shown in Table 5.2, the majority of variables used for each model are related
to the fixture itself; however, variables related to a specific fixture are sometimes
used in estimating different fixtures. This is important to factor into any correlations
between fixtures. For instance, a variable measuring how agents evaluate the
consumption of other fixtures was used in estimating the probability of buying
efficient laundry machines.
5.4.2 Implementation phase
After developing the agents and defining their goals and objectives, the next step
is implementing the interaction rules in an efficient way that represents the
complexity of the research problem. The simulation will be implemented using
AnyLogic® software, which is widely used for modeling complex systems
(Borshchev, 2013).
The essence of this model is that demand management policies are triggered as
demand exceeds supply or reaches near available supply, or supply is already
limited. The supplier agent tracks such relationships between supply and demand
and reacts accordingly by sending messages to consumers and providing
plumbing fixtures in the market with or without incentives. Meanwhile, consumer
agents will have their autonomous decision making while they are influenced by

128
the current state of the water availability and the states of their connected
neighbors.
The next section presents model parameters used inside each agent to facilitate
the implementation.
5.4.2.1 Model Parameters
The main purposes of the ABM are threefold: to estimate (1) the total daily demand
on water, (2) the diffusion of efficient fixtures, and (3) the diffusion of behaviors
over time.
As such, parameters needed for building this model are:
1- Supply amount
According to the interviews with the Ministry of Water and Irrigation (I. Dahiyat,
personal communication, November, 2015), the average monthly allocated supply
for Amman is 12 MCM. However, two factors reduce this budget: (1) 35% of this
amount is lost by leaks in piped systems and illegal connections; and (2) 15% of
the remaining water is allocated to industrial and agricultural needs. As such, the
daily water supply for the 2.5 million residents living in Amman is estimated at
around 85 l/c/d. It should be noted that leaks could occur inside homes at an
average amount of 5% of supplied water.
2- Efficiency and Frequency of using fixtures
One of the main parameters in the water demand model is the frequency and
duration of using each fixture. As such, respondents are asked to indicate the value
of the frequency they use each fixture. Table 5.3 presents the frequency factors as
provided by the survey. Moreover, these factors are compared with a similar study
conducted in Amman by Rosenberg et al. (2007). It should be noted that very few
parameters are compared with other previous studies when parameters’ values
from Rosenberg’s work are not available. More importantly, typical values in Table
5.3 refer to the case where agents are not adopting the efficient behavior.
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Table 5.3 Typical Behavior Parameters used for End-Use Water Demand Model
End Use

Toilet
Toilet flushing
frequency
Showering
Showering
Frequency
Showering
Duration
Kitchen Faucet
Kitchen faucet
frequency
Bath Faucet
Bath faucet
frequency
Laundry
Laundry
frequency
Dishwashing
Dishwashing
frequency

Units

Range of
ValuesSurvey

Range of
ValuesLiterature

References

Flushes/person/day

3-6

2-4

Rosenberg et
al. (2007).

Showers/person/day 0.17-0.5

0.14-0.52

Minutes/person/eve- 5-15
nt

1.5-8.5

Minutes/person/day

2-2.5

0.5-5.0

Jacobs and
Haarhoff
(2004)

Minutes/person/day

0.7-1.0

0.1-0.6

Rosenberg et
al. (2007)

Loads/person/day

0.14-0.57

0.15-0.6

Mayer et al.
(1999)

Loads/person/day

0.18-0.22

0.2-0.3

Baumann et
al. (1997)

Rosenberg et
al. (2007)

In terms of fixtures’ efficiency, values were obtained by a recent extensive survey
study in 2013 carried out by the MWI to understand the efficiency of current water
fixtures installed in residential units in Amman in 2013 (Chebaane et al., 2013).
Values for efficiency of each fixture for this study are adopted from the MWI survey.
It should be acknowledged that respondents for the survey of this research do not
have estimates for the efficiency of each fixture. Table 5.4 presents the efficiency
for each fixture. “Typical” values refer to inefficient fixtures, whereas “Efficient”
values correspond to efficient fixtures.
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Table 5.4 Efficiency Parameters used for End-Use Water Demand Model
End Use

Toilet
Toilet flushing
efficiency
Showering
Showerhead
efficiency
Kitchen Faucet
Kitchen faucet
efficiency
Bath Faucet
Bath faucet
efficiency
Laundry
Laundry
efficiency
Dishwashing
Dishwashing
efficiency

Units

Range of
ValuesTypical

Range of
ValuesEfficient

References

Liters/flush

6-7.8

4-5.5

Chebaane et al.
(2013)

Liters/minute

8.0-20

6-8.5

Chebaane et al.
(2013)

Liters/minute

8.7-11.2

8-9.0

Chebaane et al.
(2013)

Liters/minute

5.5-20

4.5-5.0

Chebaane et al.
(2013)

Liters/load

50-75

35-50

Chebaane et al.
(2013)

Liters/load

25-35

15-25

Baumann et al.
(1997)

3- Behavioral Change
Regarding behavioral change, respondents were asked to provide what percent of
reduction compared to the typical values presented in Table 5.3 they can achieve.
Values range from 10% to 50%. For instance, a household agent might reduce its
shower duration from 10 (minutes/shower event) to 5 (minutes/shower event) if it
indicates a 50% change in showering behavior.
4- Number of representative agents
As mentioned earlier, this research focuses on residents of Amman. In order to
cover as many areas in Amman as possible, the survey has gathered data from 6
districts out of 9. The remaining 3 districts constitute less than 10% of Amman’s
population.
With the aim of having enough agents simulated inside the model, and at the same
time representative to the real distribution of the population, two main factors are
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used to determine the number of representative agents required from each district:
(1) population density in the district, and (2) area of the district.
To calculate the number of representative agents needed from each district, a
simple calculation is carried out based on the aforementioned factors. The
calculation is done as follows:
(1) Determine the number of households living inside each district.
(2) Determine the area (km2) of each district, and the area of each locality inside
the district.
(3) Calculate the household densities per locality (household/km 2/locality).
(4) Modify the household density per locality based on the following assumption:
each 300 households/km2 are represented by one agent.
(5) Multiply the area of the locality by the number of the modified household
density in each locality.
Data regarding the size of the population within each district were provided by the
Department of Statistics, Jordan.
Table 5.5 shows the districts and the corresponding number of representative
agents used in the model.
Table 5.5 Districts and the Corresponding Number of Representative Agents
West/East
Amman

Number of
Representative
Agents

District Name

Locality

Amman
Qasabah

Alabdaly, Ras Alain,
Almadina, Zahran,
Alyarmok, Bader

East

Marka

Tareq

East

60

Marka

Marka

East

60

Marka

Alnaser

East

150

Marka

Basman

East

100

Alquaismeh

Alquaismeh, Aljwaydeh,
Abu Alanda, Alrajeeb

East

300

75
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Table5.5: Continued
Khraibet Essooq, Jawa,
Yadoodeh
Jbaiha, Eskan Abu Nsair,
Shafa Badran

East

Swaileh

West

Tla'a Alali,Khelda,Um
Essommaq
Wadi Essier Wadi Essier
Sahab
Sahab

West

Alquaismeh
Al-Jami'ah
Al-Jami'ah
Al-Jami'ah

West

West
East/South

50
80
80
70
70
60

Having determined the number of representative agents, data for the new agents
added to each locality inside the model was drawn based on the distribution of
parameters from the original survey data per locality.
It is noteworthy to mention that for all decision rules presented here, a set of
assumptions are used:


Time laps for adoption: it is assumed that each agent should have at least
one month before buying other plumbing fixtures, if it has just bought one.



Technology awareness level: due to the communication and interaction
between agents, the technology awareness level might change with time.
As such, a consumer agent will start looking for plumbing fixtures as long
as its current level of awareness is less than the level of awareness the
agent is looking to achieve. To elaborate more, the current level of
technology awareness represents the actual number of efficient fixtures that
the agent currently has. As a result of interactions with others, the agent will
change its technology awareness level. If this new level is greater than the
current level, then the agent will start looking for a plumbing fixture
depending on its decision making algorithm.



Price of piped water: The water tariff in Amman is designed to increase
charges as consumption increases. This increasing block rate consists of
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an increasing price per m3 of water consumed plus a fixed rate under each
quantity consumed. Three main blocks of consumption are used by the
Ministry of Water and Irrigation, ranging from 18 m3/quarter to more than 72
m3/quarter. It should be noted that the pricing rule set by the government of
Jordan is mainly used to cover maintenance and operation costs.

Along with the aforementioned data, and for ABM model initiation, most consumers
will be assigned with typical (i.e. relatively inefficient) plumbing fixtures at all enduses. As previously mentioned, a small percentage of consumers will be initiated
with efficient plumbing fixtures. Such initiation was confirmed by the survey results
that show around 18% of customers have one efficient fixture.
Having set all the required data and the rules of interaction for the simulation
environment, the model is now ready to function. The next section presents the
results of the ABM model.
5.5

Results

5.5.1 Introduction
This section presents and discusses the results obtained by implementing of the
computational ABM environment. Two main scenarios are examined: (1) baseline,
and (2) demand management scenarios (with and without rebate). Primarily,
results will explain average daily demand for the representative household agents
and the adoption and rejection of efficient fixtures. Additionally, changes in
behavior over time will be discussed. By doing so, the main elements of residential
water demand (efficiency, behavior, and awareness) can be gathered to explain
any changes in domestic demand for water.
5.5.2 Scenarios
 Scenario I: This scenario investigates the current water demand without
implementing any demand management policy. Household agents are
exposed to efficient fixtures either from their peers or from advertisements.
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Simulation is carried over 5 years, as beyond this period changes in
infrastructure can take place.

Starting with the average daily water demand, Figure 5.1 depicts a slight change
in demand at the end of the 5th year. In fact, this behavior is expected as a result
of no demand management policy being applied. However, household agents are
still exposed to efficient fixtures. On average, 7% of the reduction was achieved at
the end of the simulation period. It can be seen that average daily water demand
levels off starting at the third year.
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Figure 5-1 Average Daily Demand (m3/day)
As mentioned, this change in demand is attributed to the diffusion of efficient
fixtures. For instance, Figure 5.2 shows that around 15% of residential water
customers have decided to install efficient faucets at kitchen taps. In general, the
price of this fixture is considered one of the cheapest in the plumbing fixtures’
markets. However, the low rate of adopting this fixture might be attributed to
several factors. For example, some household agents might have heard about
kitchen faucets but their financial budget might not allow them to buy it. On the
other hand, agents who are greatly affected by their peers are still not convinced
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in buying this fixture as the percent of their connections who have bought this
fixture is very low. The s-shaped curve for the diffusion of efficient fixtures tells that
within the first 3 years, adoption takes place.
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Figure 5-2 Adoption of Efficient Kitchen Faucets
Another area of water withdrawal is bath faucets. Adoption of efficient bath faucets
is demonstrated in Figure 5.3. Interestingly, similar to kitchen faucets, around 21%
of residential water customers have installed this fixture. It should be noted that
the price of this fixture is similar to the kitchen faucets. It took 3 years for the
diffusion to level off. Perhaps the low levels of market penetrations for both kitchen
and bath faucets can be attributed to the low level of awareness toward water
management since, currently, there is no demand management policy being
declared.
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Figure 5-3 Adoption of Efficient Bath Faucets
Moving to showerheads, Figure 5.4 depicts how long it takes for 35% of agents to
install this fixture. Unlike faucets, the diffusion of this fixture is relatively high. This
might be attributed to the fact that showerheads in Amman makes up to 16% of
total water used (Chebaane et al., 2013). According to Table 5.4, an efficient
showerhead can save up to 14 l/min. The high percent of adoption for
showerheads might also be attributed to the fact that some households already
have this fixture installed.
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Figure 5-4 Adoption of efficient showerheads
Figure 5.5 reveals the adoption of efficient toilets. The adoption curve shows that
there is no difference between efficient faucets and toilets in terms of adoption rate.
However, the price of efficient toilets is relatively expensive compared to other
fixtures. Yet, about 15% of consumers have adopted efficient toilets over 5 years.
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Figure 5-5 Adoption of efficient toilets
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Figure 5.6 presents the adoption of heavy fixtures. Laundry and dishwashing
machines have the lowest rate of adoption. This might be attributed to the fact that
these fixtures are very expensive. On average, each one costs around 350 JD.
Despite their high costs, efficient laundry and dishwashing machines bring
significant savings. For instance, an efficient laundry machine can save up to 40
l/load, while an efficient dishwasher can save 20 l/use. The baseline scenario
indicates that while 9% of customers have installed efficient laundry machines, 5%
have decided to buy efficient dishwashers.
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Figure 5-6 Adoption of efficient dishwashing and laundry machines
In fact, one of the benefits of simulating the diffusion of saving fixtures is to identify
possible “intervention” areas. In other words, as some efficient fixtures can bring
significant savings in water, policy makers should target these fixtures so that
consumers increase their willingness to install them. Interventions can take action
by providing rebates on expensive fixtures such as laundry and dishwashing
machines. This will be investigated in later scenarios.
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 Scenario II: In this scenario, a demand management policy is declared.
Basically, this policy focuses on the diffusion of efficient fixtures and
changes in behavior. In this scenario, agents are informed about the
existence of efficient fixtures through media and their peers. Moreover, the
supplier agent sends conservation messages to consumers. In turn, each
household agent estimates its level of awareness to participate in demand
management. However, due to the complex interactions and information
exchange between agents, each agent might change its level of awareness
accordingly. It should be noted that the evaluation of the awareness level is
checked monthly. The monthly time step was chosen since agents evaluate
their water deficit along with other variables that intervene with their
awareness level.

Looking at average daily demand, Figure 5.7 demonstrates how demand changes
over time.
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Figure 5-7 Average Daily Water Demand (m3/day)
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The significant decrease in demand pertains to the activation of demand
management policy. As mentioned earlier, conservation can take place through
behavioral and technological adaptation. When compared with the baseline
scenario, the demand management of the second scenario achieved a 20%
reduction in total water demand. In fact, it is hard to communicate why such a
reduction took place unless explanation on behavioral and technological
adaptation is provided. The next paragraphs will discuss how consumers modified
their awareness once a demand management policy took place.
Starting with the level of awareness, Figure 5.8 depicts how agents’ behavioral
awareness fluctuates over time. Interestingly, around 60% of agents do not show
interest in behavioral change. This might be attributed, as will be shown in the
technological awareness results, to the negative correlation between behavior and
technology as estimated by the bivariate ordered probit model in chapter 4.
Remarkably, the proportion of agents who are fully aware remains constant over
the 5 years. Those agents seem to have strong belief in their behavior as a way to
reduce their consumption.
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Figure 5-8 Behavioral Awareness Level
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Looking at the second dimension of demand management, Figure 5.9 presents
awareness toward technological adaptation. Remarkably, almost 80% of agents
have shown a full awareness in demand management through efficient fixtures.
This might explain the high percentage of behaviorally non-aware customers. As
agents are more interested in technology, they tend to not change their behavior.
Perhaps this is related to the phenomenon of offsetting behavior as discussed in
chapter 4. In general, it can be said that agents, most of the time, are moderate to
fully aware in terms of technology. However, Figure 5.9 shows fluctuations in
awareness after the third year. In fact, this explains why the demand curve levels
off at this point in time.
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Figure 5-9 Technological Awareness Level
Although Figure 5.9 displays the level of technological awareness, these levels do
not guarantee that agents with a certain level of awareness will actually install
efficient fixtures. This is because each agent has its own decision algorithm to buy
an efficient fixture. For instance, expensive fixtures are not likely to be installed if
the agent has a limited budget that is well below the cost of this fixture. Therefore,
it is important to understand the diffusion of different efficient fixtures.
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Changes in water demand under scenario II can be explained by the market
penetration of the efficient fixtures. Thus, a discussion on the diffusion of efficient
fixtures is needed. Figure 5.10 shows the diffusion of efficient faucets installed at
kitchen taps.
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Figure 5-10 Adoption of Efficient Kitchen Faucets
Clearly, this fixture has been installed by 75% of customers over the 5 years. A
closer look at Figure 5.10 reveals that almost 90% of those who adopted the fixture
have installed it within the first two years. The S-shape of the curve depicts early
and late adopters. The remaining 25% of agents who did not install this fixture are
either moderately or not aware in terms of technology. When compared with the
baseline scenario, adopters of efficient kitchen faucets have increased from 15%
to 75%. It is clear that a demand management policy triggers such adoption.
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Figure 5-11 Adoption of Efficient Bath Faucets
Moving to bath faucets, a 5% increase in adopters from the baseline scenario is
observed in scenario II as shown in Figure 5.11. In total, 20% of agents have
decided to install efficient faucets at bath taps. This might be linked to decision
making. For instance, for agents who used thoughtful decision making, the
decision to install efficient faucets at kitchens might be correlated with their
decisions for faucets at bath taps.
While the baseline scenario shows that 35% of the population has adopted efficient
showerheads, Figure 5.12 presents a different rate of adoption under the second
scenario. Around 55% of customers have bought efficient fixtures. Indeed, the
demand management policy has impact on agents in terms of technology adoption.
The first 1.8 years convey that around 50% of the population are early adopters.
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Figure 5-12 Adoption of Efficient Showerheads
Figure 5.13 describes the diffusion of efficient toilets. As can be seen, in this
demand management scenario, 40% of agents have installed this fixture as
compared to 15% in the baseline scenario. The low rate of diffusion can be
explained by the high installation cost incurred. Efficient toilets can save, on
average, 3 l/flush. Thus, for a household of 4 members this fixture can save around
50 l/day based on 4 flushes/person/day. It is thus important that policy makers
identify if rebates are needed, especially for high-consumption fixtures.
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Figure 5-13 Adoption of Efficient Toilets
One type of fixture that seems to have low adoption is heavy fixtures. Basically,
laundry machines and dishwashers under the demand management scenarios
seem to have no difference from the baseline scenario. Figure 5.14 shows that
while 10% have decided to buy efficient laundry machines, only 5% have bought
dishwashers. As mentioned earlier, these types of fixtures can save significant
amounts of water. Therefore, policy makers should promote the diffusion of these
fixtures. To do so, another scenario is tested where rebates are provided on some
fixtures.
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Figure 5-14 Adoption of Efficient Laundry and Dishwashing Machines
It should be noted that as the average daily demand decreases over time, this
reduces the stress (or total deficit) on water resources. This deficit is
communicated to household agents every month in an effort to inform them about
stresses on water resources. Figure 5.15 presents the stress indicator that is used
inside the level of awareness models, as discussed in the previous chapter.
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Figure 5-15 Stress Indicator on Residential Water Resources
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The trend of the deficit indicator shown in Figure 5.15 is similar to the average daily
demand presented in Figure 5.7.
 Scenario III: This scenario examines a more active demand management
policy. To elaborate more, based on the first and second scenarios,
scenario III investigates the possibility of participation in demand
management when the policy maker offers 50% rebates on all efficient
fixtures. It is expected that more agents will be engaged in demand
management activities. Particularly, rebates are provided on toilets, laundry,
and dishwashers.

Looking at average daily demand, Figure 5.16 demonstrates that over 5 years the
average daily demand reduced by 25%. Compared with previous scenarios,
scenario III brings significant savings in water. As mentioned earlier, this scenario
represents that more forceful policies have been set by the policy maker. To
understand changes in water demand, a discussion on agents’ awareness and the
corresponding diffusion should be provided.
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Figure 5-16 Average Daily Water Demand
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In terms of behavioral awareness, this scenario shows a slight increase in the
number of agent who are becoming more aware. This is shown in Figure 5.17. On
average, 30% of agents are either moderate or fully aware. This trend can be
explained by looking at the diffusion of efficient fixtures, as the bivariate probit
model suggests negative correlation between behavior and technology.
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Figure 5-17 Behavioral Awareness Level
As for technological awareness, Figure 5.18 articulates that, on average, more
than 90% of agents are either moderate or fully aware, with the majority being fully
aware. This might explain why there are low levels of behavioral awareness. The
shape of the technological awareness level can be explained by the demand
management policy being applied. In fact, this scenario provides rebates on
dishwashing machines, laundry machines, and efficient toilets. As such, it is
expected that the diffusion of laundry and dishwashing machines shows
improvement over the previous two scenarios.
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Figure 5-18 Technological Awareness Level
Figures 5.17 and 5.18 show the tendency of agents to participate in demand
management plans; it is therefore important to look at how different fixtures are
being adopted over time.
Starting with efficient kitchen faucets, it is interesting to see that 85% of agents
have adopted this fixture, as presented in Figure 5.19. There is a 10% increase in
the number of adopters when compared with scenario II. It should be noted that
during the first two years, most of the diffusion occurs. This is linked with many
factors, among which are: the deficit that each agent is facing and the level of
awareness.
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Figure 5-19 Adoption of Efficient Kitchen Faucets
The diffusion of efficient bath faucets shows improvement over scenarios II and I,
as shown in Figure 5.20. This is attributed to the demand management policy being
more active in scenario III. In total, 32% of residential water customers have
decided to install this fixture.
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Figure 5-20 Adoption of Efficient Bath Faucets
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One of the fixtures that show significant diffusion is efficient showerheads, as
displayed by Figure 5.21. It can be inferred that scenario III has the highest impact
on the propagation of water-saving showerheads. Around 70% of customers have
shown interest in installing this fixture. This might be related to the fact that agents
who installed the subsidized fixtures will have their awareness level increased. In
turn, the rise in awareness will positively affect other agents who are connected
with those who installed efficient ones.
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Figure 5-21 Adoption of Efficient Showerheads
The demand management policy with rebate proves to have a high degree of
diffusion for efficient toilets. In fact, Figure 5.22 highlights that 60% of customers
are interested in installing efficient toilets. As mentioned earlier, toilets are
relatively expensive when compared with other fixtures. When the policy maker
provides a 50% rebate on toilets, it is clearly beneficial for customers and therefore
reduces total water demand.
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Figure 5-22 Adoption of Efficient Toilets
The results of heavy machines—laundry machines and dishwashers—are
displayed in Figure 5.23. Diffusion rates for water-saving laundry machines and
dishwashers are the lowest over all the scenarios. This suggests a further increase
in rebates on such fixtures. However, compared with scenarios I and II, the number
of adopters have significantly increased in scenario III. On average, 25% have
bought efficient laundry machines, while 20% have installed efficient dishwashers.
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Figure 5-23 Adoption of Efficient Laundry and Dishwashers
As demand management involves dynamic changes in behavior, fixtures, and thus
supply-demand balance, it is interesting to see how the pressure on residential
water supply varies while customers participate in water conservation activities.
Figure 5.24 displays the stress on water resources over the simulation period.
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Figure 5-24 Stress Indicator on Residential Water Resources
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It is clear from Figure 5.24 that stresses on the available water for domestic uses
decline over time. In fact, this was expected; as demand management is active,
agents are informed by the policy maker about the pressures on water resources.
Interestingly, the stress indicator drops significantly during the first two years. This
can be explained by the high rates of diffusion of fixtures that took place during
that period.
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5.6

Validation

Decision makers are increasingly depending on simulation models to imitate reality;
however, conclusive inferences from simulation models cannot be made unless
they are checked for their correctness. In this process, validation is conducted to
assess the appropriateness of the models in representing the designated systems.
For this research study, it should be acknowledged that validating the proposed
simulation models is very challenging. Moreover, the availability of independent
data that will be compared with model results is very limited. This is attributed to
the fact that there have been no such studies for the diffusion of efficient fixtures
in developing countries in general, and in Amman in particular. Additionally, the
conceptual models presented here are relatively new to water demand
management literature.
To overcome this challenge, two ways have been utilized to check the validity of
the proposed simulation model.
First, a common validation methodology called “structural validation” has been
applied on this research. Structural validation is used to test if the theoretical
backgrounds and assumptions of a model are in line with the intended purposes
of the simulation model. Lo’pez-Paredes et al. (2005) stated that structural
validation is widely used for complex models.
In order to conduct the structural validation of the current study, two well-known
and validated models from literature have been compared with the current
simulation model.
The first model is the work presented by Galán et al. (2009), who have developed
an agent based model to simulate domestic water demand management in
Valladolid (Spain). The simulation model presented here follows the basic structure
of the Valladolid model and complements it with prediction models for the diffusion
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of different plumbing fixtures. Moreover, this work adds another layer to the
diffusion process, namely, the behavioral change model.
The second model is a simulation model developed by Kanta and Zechman (2013)
to simulate demand on residential water. Their model utilizes agent based
techniques to estimate demand on residential water which follows an end-use
approach.
In other words, there is similarity between the simulation model presented in this
research and the aforementioned models. However, this research complements
the aforementioned studies through the following additions: (1) including all types
of indoor water fixtures; (2) considering the rationality of agents by modelling the
level of participation in the diffusion process (awareness model); (3) identifying
different rules of decision making; and (4) accounting for changes in water-use
habits.
Second, results from the baseline scenario are compared with figures from the
Ministry of Water and Irrigation in Jordan. These figures include: (1) the number of
customers under different consumption blocks, and (2) the percentage of
households who have installed efficient fixtures. Discussion of these results is
provided in the following paragraphs:
1- Number of Customers Under Different Consumption Blocks
The water tariff in Amman is designed to increase charges as consumption
increases. This increasing block rate consists of an increasing price per m 3 of water
consumed plus a fixed rate under each quantity consumed. Three main blocks of
consumption are used by the Ministry of Water and Irrigation, ranging from 18
m3/quarter to more than 72 m3/quarter.
Data from Ministry of Water and Irrigation regarding the percentage of customers
under each block is presented and compared with model results (I. Dahiyat,
personal communication, November, 2015), as displayed in Figure 5.25.
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Figure 5-25 Distribution of Customers under each Consumption Block
Figure 5.25 shows good model performance. Customers under the first
consumption block are estimated to represent 22% of the population, whereas data
from the Ministry of Water and Irrigation show a higher percentage of 29%. Another
slight difference exists under the second block.
2- Percent of households who have installed efficient fixtures
A field survey was conducted by the Ministry of Water and Irrigation in 2013 by
(Chebaane et al., 2013) to investigate the current adoption of efficient fixtures in
the Jordanian Market. The survey covers four main types of efficient fixtures: (1)
showerheads, (2) toilets, (3) bath faucets, and (4) kitchen faucets.
As mentioned earlier, validation of the simulation models developed here is very
difficult due to the shortage of comparative models. Regardless of this challenge,
another validation test will be carried out to explore the model’s outcomes with
different data.
In this regard, data from a “household expenditure and income” survey conducted
by the Department of Statistics in Jordan (DOS) have been compiled and used as

158
input parameters for the model. Moreover, parameters regarding the end-use
water model were taken from a study conducted by Rosenberg et al. (2007). It
should be noted that not all model parameters could be retrieved from the DOS. In
such cases, assumptions were made based on the distribution of current survey
data. It is believed that collected surveys for this research do not possess
significant bias due to the sampling method used in data collection.
Figure 5.26 compares the simulated results with data from the Ministry of Water

Percent of Adopters
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Figure 5-26 Comparing the Adoption of Efficient Fixtures
It can be inferred from Figure 5.26 that the simulation model can reasonably reflect
official values from the Ministry of Water and Irrigation. Differences in market
penetrations can be attributed to the lack of a complete set of independent data to
be used inside the model. Nonetheless, there seems to be similarity in the trend of
adoption rates between the simulated and real data. For instance, the highest
diffusion rates are recorded for showerhead and kitchen faucets from both sets of
data.
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In general, it is hard to forecast every conceivable scenario in such a complex
system. Rather, the intention of the proposed model is to present a tool that
captures possible consequences of the complex, interrelated aspects (e.g. social,
economic, and water availability) involved in the management of domestic water
demand.
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5.7

Summary

This chapter presented the development of a simulation tool that is capable of
determining demand on residential water under demand management policies. A
case study was used to demonstrate the applicability of this tool. Data from Amman,
Jordan, was collected to represent the complex interactions between customers.
The simulation tool posits residential water demand as a complex adaptive system.
As such, the agent-based model was constructed to simulate interactions between
two main types of agents: (1) consumers, and (2) suppliers. The main benefit of
using agent-based modelling is the ability to reflect the heterogeneity of agents on
water demand, since total water demand is a collection of decentralized actions
taken by agents.
Different scenarios have been tested to explore agents’ responsiveness to demand
management policies. As the policy maker tries to engage consumers in demand
management actions, average daily demand tends to decrease. The decrease is
related to the diffusion of behaviors as well as efficient fixtures.
Overall, the policy tool, demonstrated by the ABM, seems promising in capturing
the complex interactions between heterogeneous agents.
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MODELLING THE INFLUENCE OF THE PRIVATE WATER
MARKET ON DEMAND MANAGEMENT

6.1

Introduction

The main objective of this chapter is to model how different sources of residential
water supply interact with efforts toward water conservation. Unlike developed
countries, developing countries like Jordan do not depend exclusively on piped
water. Although 98% of the dwelling units in Amman are connected to the public
network, residential customers tend to develop mitigation plans when their demand
exceeds the available supply (Potter et al., 2010). It is not surprising that private
water tanks are common in Amman.
To carry out this research task, a new tanker water demand model is developed.
Having estimated the demand on private water, further analysis will be conducted
to inspect how the private market interferes with the policies set by water
authorities to reduce demand. As such, a simulation model is built to capture the
possible interferences between management policies and water supply.
In doing so, the main elements of water demand can be analysed, namely: (1)
changes in levels of awareness; (2) variations in demand on the private market as
a result of demand management actions; and (3) daily water demand.
In order to capture the aforementioned changes, a system dynamics model is
proposed in this chapter. The development of this model is based on interviews
with water officials, private tankers, and residential customers.
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6.2

Private Water Demand Model

Before highlighting the possible interventions between the private water sector and
the piped water network, it is important to quantify the amount of water needed
from the private market. To do so, an econometric model is developed that takes
into account the price of water and additional variables related to the customers,
such as income and duration of piped water supply. Despite the fact that private
water can mean any non-piped water sold by a private party such as bottled water,
in this study, the term “private water” is used to only cover the demand from private
water tanks.
It should be acknowledged that after reviewing the literature, limited knowledge is
available about private water demand in Jordan and in developing countries in
general. Therefore, variables used in building this model are mainly taken from
survey data. Additionally, interviews with private water providers were conducted
to understand their pricing structure.
6.2.1 Model Development
Analysis of survey data indicates that around 40% of customers buy extra water
from the private market. This implies that the censored data for the dependent
variable needs to be addressed. To account for data censoring, a tobit model is
used to estimate water demand from private tanks. In fact, this approach is widely
used in literature when dealing with censored data. For instance, Nuages and Van
Den Berg (2009) collected data from 1800 households in Sri Lanka to estimate
demand for piped and non-piped water.
The essence of the tobit model is a combination of the probit and regression
models. Estimation of the tobit model has the following structure, as shown in
Equation 6.1 (Mannering, 2015):
Y*= βxi+εi1

Eq [6.1]
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Where, Y*: unobserved variable; β: vector of estimable coefficients; X: vector of
independent variables; and ε: unobserved disturbance.
Once the unobserved variable is estimated; it is set to equal the observed variable
whenever it is greater than zero. Otherwise, the observed variable is set to zero.
Equations 6.2 and 6.3 demonstrate the estimation.
Y= Y*; if (Y*>0)

Eq [6.2]

Y= 0; if (Y*<0)

Eq [6.3]

6.2.2 Model Estimation Results
Table 6.1 displays the results of the tobit model. Two forms are constructed: linear
and log-log. The double log format enables direct interpretation of elasticities for
income and price.
In total, 7 variables are found to be statistically significant. All model variables are
directly related to water consumption. In choosing the variables, review of literature
was conducted. For instance, variables such as income and storage size are found
to have significant impacts on private water demand, as will be explained later.
Table 6.1 presents the household water demand from the private market in double
log format for water quantities, supply duration, tanker water price, income, and
level of education.
Table 6.1 Estimation Results of Tobit Model for Water Demand. Double Log
Form (t-stat in parenthesis)
Variable Description
Household Storage Size (m3)
Log-Duration
of
Supply
(days/week)
Log-Price of m3
Log-Income (JD/month)
Household Size (members)

Estimated
Parameter
0.01 (1.6)
-0.46 (-2.6)
-1.3 (-2.7)
0.52 (4.0)
0.06 (1.7)
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Table 6.2: Continued
Indicator for level of education
(1: if at least bachelor degree,
0: otherwise)
Residence Location (1:East;
2:West)

-0.42 (-2.1)
0.45 (2.15)

In general, estimation results show good measures; variables are significant and
have the expected sign.
The coefficient of household storage size shows a positive correlation with the
demand on private water. As a matter of fact, storage tanks act as a safety net for
households when piped supply does not suffice. As the storage size increases,
this indicates a high-consumptive attitude.
While residential water supply is limited, it appears that increasing supply duration
will reduce the demand on private water. The sign for the coefficient of supply
duration was expected. As residential customers receive more piped water, this
implies that most of their demands are satisfied by the public network. According
to the double log model, a 1% increase in supply duration will reduce demand on
private water by 0.46%. Access to water supply is a function of storage size and
supply duration. Therefore, if a household owns a small storage tank and receives
water for a considerable period of time, it is expected that its reliance on private
water will decrease.
One of the most common variables used in demand models is price. Unlike price
elasticity of demand on piped water, demand on private water is price elastic. The
coefficient of price elasticity was significantly greater than one, implying that a 1%
increase in the unit price of private water will reduce the household demand by
1.3%. Interviews with the drivers of the private tanks indicate that demand
significantly affects their prices, as will be discussed later. More importantly, as the
market of private water is considered an “informal” source of supply, there exists a
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strong potential for price monopoly controlled by the service providers. As such,
consumers tend to respond to price changes.
On the other hand, the relation between income and demand was found to be
inelastic. The coefficient of income variable suggests that a 1% increase in the
monthly income of the household would increase demand by 0.52%. This can be
explained by the fact that as customers face water shortages, they will search for
additional supply to cover their basic needs, regardless of their level of income. It
is speculated that low income households would negatively be impacted when
buying additional water. However, the issue of social equity and access to water
is beyond the scope of this research. Compared with literature of piped water
demand, the income elasticity of demand model has shown to be inelastic in most
of the studies (Arbués et al., 2004; Al–Najjar et al., 2011).
In terms of household size, as the number of household members increases, the
demand on private water increases. The coefficient of household size indicates a
positive relation between the size of the household and demand. This is expected;
as more residents live in the house, the household demand will increase.
Consequently, large household are prone to more deficit events than smaller
households. This becomes more challenging if the storage size is limited. It should
be noted that the average household size in Amman, Jordan is 5.5 persons,
according to the interviews with the Department of Statistics, Jordan.
Education has seen to positively reduce water demand. Consumers who have at
least a bachelor degree buy less water from private vendors. It is expected that
highly educated customers consume less water as they are more aware about
water issues in Amman. Level of education can also be interpreted as awareness
of the quality of water sold from private tankers. In its efforts to educate consumers
about the poor quality of the privately sold water, MWI informs customers about
the possible health hazards caused by non-piped water consumption (S. Kilani,
personal communication, October, 2015).
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In order to capture the impact of social polarities in Amman, a variable is introduced
to indicate the household location. Model estimation suggests that residents of
west Amman consume more private water than easterns. This is consistent with
the findings from Potter and colleagues in 2010. They estimated that 24% of
residents of west Amman buy private water, whereas 4% of eastern residents
acquire private water. However, their survey sample is relatively small (25
households). The sign of this parameter can be interpreted as proxies for income
and outdoor uses.
In general, model estimation shows good measures which reflect that a spectrum
of explanatory variables such as household socioeconomic, storage size, and
location.
The next section discusses the development of a feedback loop mechanism with
the aim of understanding the hidden consequences of different sources of supply
on demand management efforts.
6.3

Modelling the feedbacks between Non-Piped Water and Demand
Management Policies

As the previous chapter examines different profiles of demand in response to
various demand management policies, this chapter highlights the possible impact
of informal markets on demand management efforts. It is argued that acquiring
water from the private market could have hidden consequences on the
effectiveness of demand management plans. As residential customers secure their
water needs to reduce their deficit, this might generate a tendency to lessen their
participation in demand management. However, as the private water is considered
an economic good, high levels of demand can result in price increases, ending up
in a reduction of the demand for private water.

167
6.3.1 Model development
The main data used for developing this model is obtained from interviews with
private water providers, officials in MWI, and part of the survey questions.
Interviews with officials were deemed important to validate the proposed model.
The conceptual model developed here serves as a tool to understand variations in
demand on private water. Meanwhile, whenever residential customers face water
shortages, they develop a compensatory behavior to reduce their deficit through
private markets. On the other hand, efforts set by the policy maker can be
undermined when the total supply (defined as piped and non-piped supply) is
perceived to be sufficient by customers. As such, it is believed that a feedback
mechanism exists between private water demand and demand conservation.
Eventually, the demand on piped water is affected.
Therefore, two main modules are needed to facilitate the feedback mechanism;
the first one is the demand on piped water, and the second one is the demand on
private water. Now by construct, the model is hybrid, in that it depends on piped
water demand determined from the ABM developed in the previous chapter.
Figure 6.1 abstracts the main components of the system dynamic model.

Figure 6-1 Abstraction level of the Conceptual System Dynamics Model
Figure 6.2 presents the conceptual system dynamic model.
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Figure 6-2 Conceptual System Dynamic Model
Before discussing the model, it is important to highlight the variables used in the
model.
6.3.2 Model Variables
Price: One of the significant variables in demand is the price of water. This variable
has been estimated in the model based on interviews with private providers. Two
main elements constitute the price of private water: (1) abstraction cost, and (2)
labor cost. Abstraction cost is the cost of producing and abstracting water from
wells. On average, providers charge 1.75 JD/m 3 abstracted. On the other hand,
labor cost is the amount of money the driver of the water tank charges customers
for delivery. This cost is somehow variable ranging from 1 – 1.5 JD per delivery.
This labor cost covers profit and fuel costs.
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Moreover, according to the survey data, respondents indicate that the average
price of 1 m3 from private vendors range from 2.5-3.5 JD/m3. Therefore, for this
model, a reasonable price of cubic meter sold by water tanks is estimated around
3 JD/m3.
Tank Capacity: This variable stands for the total supply capacity of the private
water tanks. Interestingly, when asked about the number of tanks and their
capacity, none of the private providers could give an estimate. In fact, the value of
this variable has been estimated based on interviews with officials in MWI. The
assumption given for the supply capacity is based on a fair judgement from MWI
officials who estimated the number of private tanks around 1000, mainly operated
by individuals from whom water can be ordered over the phone. The capacity of
these tanks ranges from 2m3 to 8m3.
Furthermore, an assumption was made on the number of trucks under each
capacity as illustrated in Table 6.2.
Table 6.3 Distribution of Private Tanks Capacity
Capacity
(m3)
2
4
6
8

Percentage
20%
30%
30%
20%

On the other hand, interviews with tank owners indicate that on average they make
14 trips per week, under normal demand conditions. Therefore, based on the size
of representative agents in this research, and the distribution of tank sizes, it is
estimated that 200m3/week can be supplied by the private vendors. This amount
of supply, however, does not take into account the increase in demand.
Consequently, private water tankers tend to adjust their prices to account for the
increased demand.
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Interviewees from the private market were asked to explain how price changes. In
essence, as the demand exceeds the capacity of the private market, the price
starts to change. Additionally, interviewees were asked to indicate the percent
increase in demand over supply and the corresponding price increase factor. This
is illustrated in Figure 6.3.
6
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Figure 6-3 Impact of Demand Changes on Price of Private Water
The price of water will be multiplied by the factors presented in Figure 6.3
according to the ratio between demand and supply.
Tot_Supply: This variable tracks the total water available in Amman. Basically, total
water supply will be the sum of piped and non-piped water.
Losses: Represents the amount of water that is lost due to leaks and illegal
connections to the public network. Surprisingly perhaps, it is estimated that around
35% of water in the network is lost, according to interviews with (S. Kilani, & I.
Dahiyat, personal communication, October, 2015).
Stress Indicator: As introduced in chapter 5, this variable calculates the total
pressure on water supply. It is the total amount of water demand over the total
available supply. In fact, this variable is used by the policy maker to broadcast the
need to save water.
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Deficit: The amount of water needed to satisfy the demand after receiving water
from the piped network.
6.3.3 Feedback Mechanism
As illustrated in Figure 6.2, the difference between demand and supply initiates the
need by agents to find new sources of supply. The extra amount needed is
determined by the tobit demand model developed in section 6.2. In essence, the
simulation model iterates over all agents to calculate their deficits. Some agents,
however, might not have deficit; as a result of their awareness and participation in
demand management. It should be noted that the demand on private water takes
place only in the event of lack of supply. Therefore, it is not assumed that
customers buy water from private providers if they have quality concerns about
piped water.
Meanwhile, private vendors track the demand on their service which was
originated by residential customers. As demand reaches the capacity of the private
market, the unit price of private water starts to change according to Figure 6.3. In
reality, the providers of private water evaluate the trips per week they are making,
so that if the number of trips exceeds their usual weekly trip, a price adjustment is
made.
According to the price elasticity of demand illustrated in Table 6.1, a 1% increase
in price would reduce demand by 1.3%. Unless agents have changed their water
demand as a result of their awareness of water conservation, those who still have
deficit will acquire extra water. The price of water can be tolerated until it is adjusted
according to Figure 6.3, resulting in a drop in demand.
Consequently, agents who initially have requested extra water will not fill the gap
between their demand and supply. In other words, agents will still have deficit,
which is expected to make them engaged in demand management activities.
Therefore, there is a driver for agents to increase their awareness when private
water prices increase.
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As discussed in the previous chapter, the policy maker sends “stress messages”
to inform agents about stresses on water resources. This stress message accounts
for the total amount of water available in Amman. When considering the extra
supply attained from the private market, the stress message will be adjusted to
take into account the additional amount of water from the private vendors. The
reason for including the non-piped water in the stress message is the fact that the
consumers’ perception of water availability includes not only piped water but also
any source of water that meet their needs.
Over time, and in response to growth in price, demand on private water will
decrease. Therefore, a balancing loop exists that neutralizes changes in price, as
illustrated in Figure 6.4.

Figure 6-4 Price-Demand Causal Loop
When demand on private water decreases, this implies a decrease in the price.
Meanwhile, agents who are still having deficit will buy private water, but this time
at relatively low prices. This would counteract agents’ tendency to participate in
demand management activities as their deficit is being met. Hence, as the demand
increases, the price will increase as well, which will again emphasize the need to
engage in demand management.
From the aforementioned paragraphs, it appears that there are hidden
consequences of the informal market on the efforts to reduce water consumption.
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Fluctuations in price interfere with the attitudes of agents to respond to demand
management policies.
The discussion now turns to highlight the interactions between different sources of
supply and water conservation. To do so, and from the scope of this research, the
main elements of water demand will be discussed: (1) average daily demand; (2)
private water demand; (3) behavioral awareness; and (4) technological awareness.
6.4

Results

This section presents results of the proposed models. The econometric model of
the private water demand, the feedback loop proposed in this chapter, and the
ABM discussed in the previous chapter will be combined to obtain an overall view
of what is happening in the residential water supply system. The result is a hybrid
model that is capable of relating a bottom-up (ABM) with a top-down approach,
thus reflecting possible dynamics in the residential water systems.
The analysis will be carried over two main scenarios. These scenarios correspond
to the demand management scenarios that have been discussed in the previous
chapter: (1) scenario II; and (2) scenario III.
6.4.1 Scenario II
Looking at the average daily demand, when considering the emergence of an
informal market, it seems that the average demand on water would increase when
compared with the same scenario in the previous chapter. This is illustrated in
Figure 6.5. It should be noted that the “impact of informal” scenario does not
include the actual demand on private water. It only considers the demand on piped
water. It is speculated that the additional supply of water from the private market
could stimulate non-conservative actions. However, to explain the behavior of this
figure, investigation of the level of awareness is needed.
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Figure 6-5 Average Daily Water Demand
As expected, the majority of agents have a low level of awareness. Figure 6.6
depicts changes of behavior over time. On average, 65% of agents are not aware
in terms of behavior and use water more frequently. On the other hand, around 35%
of agents are between moderate and full levels of awareness. One point worth
mentioning is the steady percent of agents who are fully aware. At the end of the
first year, it is clear that the number of agents whose behavior is conservative at
all end will stay to the end of the simulation period. This might be attributed to the
extra supply the agents can get to satisfy their needs without compromising their
behaviors. Interestingly, when compared with Figure 5.8, there is no significant
difference.
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Figure 6-6 Behavioral Awareness Level
In terms of technology, Figure 6.7 reveals interesting changes in agents’
awareness to efficient fixtures.
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Figure 6-7 Technological Awareness Level
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Unlike the case where piped water is the only source of supply, as illustrated in the
previous chapter through Figure 5.9, having further supply would significantly
change agents’ attitudes toward water conservation. Figure 6.7 proves the
influence of the private market on demand management policies. Initially, most of
the agents are conscious about the importance of efficient fixtures. However, after
the third year, the population starts to lose interest in the plumbing fixtures. Figure
6.7 demonstrates an oscillatory behavior in the awareness level, especially after
the third year. This might be linked to the high prices due to increased water
demand at the beginning, forcing agents to face their deficits which can be
mitigated by efficient fixtures. However, as the unit price of private water decreases,
agents tend to compensate their deficit from piped water by the private market,
resulting in a lower tendency to install efficient fixtures.
Another plausible explanation for the trend in technological awareness level, is the
fact that most consumers are initially willing to install efficient fixtures as illustrated
in Figure 6.7. Therefore, and as a result of the interactions between agents, it is
expected that consumers with full awareness will remain the largest proportion in
the population.
To better understand the changes in technological awareness, a discussion on the
diffusion of efficient fixtures is provided.
Looking at kitchen faucets, Figure 6.8 conveys that efficient fixtures are highly
adopted by agents regardless of extra water availability. When compared with
Figure 5.10, the private market seems to have no influence on the diffusion of
kitchen faucets. While Figure 5.10 estimates that 80% of population would install
faucets at kitchen taps, the private market reduces the number of adopters by 5%.
Perhaps the low cost of this fixture makes it easily accepted.
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Figure 6-8 Adoption of Efficient Kitchen Faucets
Only 30% of agents have adopted efficient bath faucets, as presented in Figure
6.9. The low rate of adoption can be interpreted by the fact that demand on private
market would discourage agents from buying efficient fixtures. Indeed, policy
makers need to be vigilant when forecasting the market penetration of watersaving fixtures by considering the influence of other sources of supply.
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Figure 6-9 Adoption of Efficient Bath Faucets

178
Market penetration for efficient showerheads shows similarity in the number of
adopters when compared with Figure 5.12. The adoption rate for efficient
showerheads is explained in Figure 6.10. Around half of the agents have decided
to install this fixture. In line with the degree of technological awareness shown in
Figure 6.7, the rate of diffusion for this fixture levels off at the third year. As
previously explained, starting from year 3, the level of technological awareness
starts to decrease.
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Figure 6-10 Adoption of Efficient Showerheads
Figure 6.11 portrays how efficient toilets diffuse in the Jordanian market. Only 45%
of agents have installed this fixture, compared with 40% in the case of piped water
only. Interestingly, both cases show a low rate of adoption, with the lowest rate
being attributed to the loss of interest in conserving water when piped water is the
only source of supply.
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Figure 6-11: Adoption of Efficient Toilets
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Figure 6-12 Adoptions of Efficient Laundry and Dishwashing Machines
As for heavy machines, Figure 6.12 depicts that laundry machines and
dishwashers are the least preferred options for customers. In general, these
fixtures have been adopted by less than 20% of population. Two factors might
explain this low rate of diffusion. First, prices of these machines are very expensive;
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in fact, they are the most expensive among the set of other fixtures. Second, it was
expected to have a small number of agents installing these fixtures due to the
existence of additional water. This is in line with findings from Figure 6.7.
While the discussion so far has focused on the impact of the private market on
water conservation, a discussion on the demand on private water is needed. Figure
6.13 provides an estimate of the demand from private vendors.
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Figure 6-13 Demand on Private Water
The oscillatory behavior of the private demand curve is attributed to the price
elasticity of demand and to water conservation. Initially, price is at normal levels.
However, as demand increases, the price tends to increase. This is clear during
the first year when maximum demand reaches 750m3. This causes price
adjustment resulting in stable demand around 450m3. More precisely, the average
demand on private water in the first two years is estimated around 450m 3, while
the last three years the average demand is estimated around 400m 3.
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On the other hand, as demand decreases, the price decreases, implying more
access to private water. However, this time the demand on private water would be
much less than the initial demand. This is related to the fact that some agents have
adopted efficient fixtures, so that their deficit has reduced.
Efforts by the policy maker to inform consumers about stresses on water resources
can be explained in Figure 6.14. The stress indicator in the case of the informal
market is compared with piped supply only (described in Figure 5.15). Indeed,
having different sources of supply would reduce the perception of the urgency to
reduce water consumption. In general, when the private market participates in
water supply, the stress message tends to fall. Between the second and third year,
the stress message reaches its minimum. This is in line with the demand on private
water as illustrated previously in Figure 6.13.
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Figure 6-14 Stress Indicator on Residential Water Resources
6.4.2 Scenario III
This scenario corresponds to the third scenario tested in chapter 5. As previously
discussed, this scenario aims at evaluating the impact of a more active demand
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management policy on water demand. The policy maker provides rebates on all
efficient fixtures.
Figure 6.15 illustrates how average daily demand changes over time.
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Figure 6-15 Average Daily Water Demand
Interestingly, the introduction of non-piped water tends to increase water demand
during the first three years. This can be related to the fact that as customers find
new sources of supply, their perception of the significance of water conservation
might decrease. On average, demand management can save up to 20% of water
consumption under this scenario.
It should be noted that Figure 6.15 refers to the average demand on piped water.
The notion “piped + informal” is meant to indicate the impact of private water on
piped water demand. Whereas “piped” refers to the average demand when
considering piped supply is the only source of water (as shown in Figure 5.16).
In order to understand what causes changes in demand, an investigation of
behavior and technology is needed. Figure 6.16 explains the level of behavioral
awareness under the impact of the private market. It can be seen that around 60%
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of agents are not aware of their water use habits. This might be linked to the
dependency on extra water from piped sources. Interestingly, the proportions of
agents under each category of awareness level remain stable over time.
Scenario III-Behavioral Awareness Level
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Figure 6-16 Behavioral Awareness Level
In terms of technology, Figure 6.17 reveals many interesting points. During the first
2.5 years, agents are showing high interest in buying efficient fixtures. Initially,
agents are facing deficit in their supply, leading them to buy water from the private
market. However, private prices will go up in response to the increased demand.
As such, the lack of supply will motivate agents to start looking for ways to reduce
their consumption. Over time, the demand on private water decreases, resulting in
a decrease in the level of awareness, as can be seen at year 3.
Having a significant number of agents with installed efficient fixtures implies two
things: first, the diffusion of these fixtures will increase, and second, the deficit will
drop. Hence, it is expected that the demand on private water will decrease as well.
This will be explained later.
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Figure 6-17 Technological Awareness Level
The diffusion of efficient kitchen faucets is estimated at around 85% as displayed
by Figure 6.18. When compared with the previous scenario, this scenario shows a
10% increase in the number of adopters. When compared with the level of
awareness presented in Figure 6.17, the majority of adopters installed efficient
kitchen faucets during the first two years. Afterwards, the rate of adoption
decreases and levels off at year 4.
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Figure 6-18 Adoption of Efficient Kitchen Faucets
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Another water-saving fixture is bath faucets. According to Figure 6.19, 30% of the
population has decided to install efficient faucets at the kitchen tap. When
compared with the previous scenario as shown in Figure 6.9, there is no change
in the number of adopters.
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Figure 6-19 Adoption of Efficient Bath Faucets
Figure 6.20 depicts the percentage of agents with efficient showerheads. Around
70% have adopted this fixture. Compared with Figure 6.10, the 50% rebate has
resulted in a 40% increase in the number of adopters. In other words, while 50%
have bought this fixture without rebate, 70% have decided to install it.
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Figure 6-20 Adoption of Efficient Showerheads
Despite the rebate provided on efficient toilets, the number of adopters does not
exceed 60%, as shown in Figure 6.21. Unexpectedly, when piped water is the only
source of supply, the same number of agents have refrained from installing
efficient toilets as shown in Figure 5.22 and Figure 6.21. It can be inferred that the
private market can interfere with efforts to reduce water consumption.
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Figure 6-21 Adoption of Efficient Toilets
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Other fixtures with a low rate of diffusion are efficient laundry machines and
dishwashers, as presented in Figure 6.22. Regardless of the fact that these fixtures
are provided at half price, only 20% of agents have accepted to install them. This
might indicate the need for more rebates on these fixtures. However, the number
of adopters has doubled in this scenario when compared with the no-rebate policy.
In general, if time passes and the number of adopters is not significant, this might
result in poor outcomes from information exchange between agents. The low rate
of diffusion for these fixtures can also be linked to the demand on private water. A
closer look at Figure 6.22 reveals that during the first two years, when private water
is relatively expensive, agents are likely to install efficient fixtures such as laundry
machines and dishwashers in an attempt to reduce consumption.
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Figure 6-22 Adoption of Efficient Laundry and Dishwashers
Having discussed the adoption of different water-saving fixtures, a discussion on
the private water demand is presented. Figure 6.23 displays the variation in
demand on private water over time.
It can be stated that when demand management is more active, demand on private
water will reduce. In the previous scenario, the average demand on private water
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was estimated around 450 m3. However, when the policy maker lowers the prices
of the fixtures, the average demand on private water will reduce to 330 m3. During
the first year, the private water demand is relatively high at 450 m 3. After that, the
demand will decrease by 100 m3, and will level off later. The fluctuation in demand
is referred to the high price elasticity. While it is costly for agents to acquire extra
water due to high prices, agents start considering the reduction in their
consumption.
According to their degrees of awareness, the deficit decreases, and therefore,
demand on private water declines. This explains the stable demand around 350
m3.
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Figure 6-23 Demand on Private Water
More importantly, the stress message communicated by the policy agent to the
consumers will motivate agents to participate in demand management. The stress
indicator is shown in Figure 6.24.
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Figure 6-24 Stress Indicator
In the case where the policy maker provides rebates on fixtures, the stress
indicator seems to have lower values than the no-rebate scenario. Initially, the
stress indicator is significant, since the demand on water is high. Later the stress
indicator will decrease, but at a rate much slower than the initial decline. This is
attributed to the fact that the total supply in Amman will stabilize as a result of
decrease in deficit amounts. Interestingly, the stress indicator reaches a value just
above 100%, indicating the equality between demand and supply. In fact, if there
is no private water, the stress indicator would be much higher than the reported
values in Figure 6.24.
6.4.3 Closing Remarks
6.4.3.1 Chasing Water Use between Behavior and Technology:
The results from chapters 5 and 6, particularly those for levels of behavioral
awareness, clearly communicate one important message: chasing water use
through the diffusion of efficient fixtures may not be the best option for managing
demand on residential water. To elaborate further, results for behavioral
awareness show that, on average, 70% of customers will not develop conservative
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behavior at any end use, as explained in Figures 5.8, 5.17, 6.6, and 6.16. On the
other hand, the level of awareness in terms of technology is significantly high, as
shown in Figures 5.9, 5.18, 6.7, and 6.17.
In other words, while consumer agents are willing to install efficient fixtures, they
remain very unlikely to change their current behaviors into more conservative ones.
This is attributed to the coefficient of correlation between behavior and technology
which was found to be negative and statistically significant, as discussed in chapter
4.
As mentioned in section 4.4.1.1, offsetting behavior can impair the expected
savings from efficient fixtures. This can be caused by the perception that having
an efficient fixture implies less water is being used, thus consumers might feel they
can take longer showers, for instance. Consumers tend to develop the feeling that
their total water used for a specific activity will not increase when compared to
before they had the efficient fixture. Thus, behavior has the potential to eliminate
the gain from water savings, especially in the long term.
6.4.3.2 Where Savings Should Come From?
In the context of urban settings, water demand management should focus on
consumers such as hotels and schools as well as on residential consumers.
Nevertheless, due to the issue of polarization between the east and west sides of
Amman, a closer look at the trend of residential water demand between both sides
is necessary. This is important for (1) identifying where savings should come from,
and (2) detecting the mean consumption from each side of Amman. The latter
could serve in identifying who are more vulnerable to water shortages, and can
possibly be used in designing demand management policies that address aspects
of social equity.
Figure 6.25 shows significant disparities in the average per capita daily water
demand between consumers from East and West Amman.
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Figure 6-25 Average Per Capita Daily Demand
Figure 6.25 reveals many interesting points. First, it is clear that the mean per
capita daily demand for the west side is greater than the east side. While
customers in the west demand 170 liters/capita/day (hereafter l/c/d), demand from
the east side is estimated to be around 120 l/c/d. To put this fact into the
perspective of intermittent supply, customers from the east side are suffering
significantly more from the limited supply than those from the west, making
customers from the eastern side more vulnerable to water shortages.
Second, chasing water demand should focus on customers from West Amman. In
parallel with the first point; it is apparent that the potential of east-side customers
to save water is marginal compared to savings from the west side.
Third, in line with the very low levels of behavioral awareness, water demand can
get closer to the level of the current piped supply if more efforts are taken to
promote conservative behaviors.
Fourth, subsidies can be provided to low-income customers, particularly those who
live in East Amman. Such a subsidy can take the form of decentralized
infrastructure to support the limited supply for those neighborhoods that are
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vulnerable to the current state of the supply. For instance, rain water tanks can be
installed in the aforementioned neighborhoods to collect rain water to be used as
a supplement to the piped water.
6.4.3.3 Non-Revenue Water:
Although demand management scenarios have shown the ability to reduce
consumption by 20% (on average), one way to increase supply is through
structural tools, as discussed in section 4.2. It is believed that improving supply
through structural changes can yield greater reductions in demand in the long term.
In fact, since the current leaks in the water network account for at least 35% of the
losses in water resources, reducing this percentage through structural
rehabilitation of the network would pay back in terms of water demand. The truth
of the matter is that reducing non-revenue water implies increasing the supply,
which in turn provides more water to the vulnerable neighborhoods, let alone the
fact that stopping leaks means saving water.
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6.5

Summary

The dynamics between demand management and different sources of supply has
been explored in this chapter. The aim is to capture the possible hidden
consequences of non-piped sources of water on demand management. To capture
such interactions, a hybrid model was developed that is capable of combining
bottom-up with top-down approaches.
Two models were developed: (1) a private water demand model, and (2) a system
dynamics model. The demand model was estimated based on a tobit model. The
system dynamic model incorporated different elements of supply, demand, and
prices.
In general, it was found that the private market could undermine efforts to conserve
water. This was illustrated through different profiles of demand, behavioral
awareness, and technological awareness. It was found that diffusion of fixtures
differed from the case of piped supply only. However, when considering additional
sources of supply, whether the policy maker provides rebates on efficient fixtures
or not was not deemed important to the adoption of such fixtures. In terms of
behavior, generally, agents tend to develop non-conservative behaviors.
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CONCLUSION

7.1

Verification

In addition to model validation, verification was conducted to make sure that the
structure of the developed models is logically connected and represents the
conceptual model. To do so, the following steps have been applied:
(1) Closely examine the input parameters used during model development.
(2) Carefully trace the output of individual models and their subsequent
utilization inside the simulation environments of other models.
(3) Closely track the flow of events and the model logic.
(4) Rigorously examine individual agents and their interactions.
(5) Thoroughly examine model outputs by constructing different scenarios.

Additionally, outputs from functions inside individual agents were checked
manually. For instance, as each agent calculates its demand on private water,
separate calculations have been conducted to estimate the amount of water
needed. The output of this manual calculation was compared with estimated
demand from the simulated agent.
7.2

Concluding Remarks

In the past few decades, many developed and developing countries have suffered
from water scarcity, and more are sure to follow. The water security dilemma is
much more challenging in developing countries. Water utilities have had to follow
regulatory plans to manage demand on water resources.
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Not surprisingly, demand on residential water is deemed to be the most critical
sector over other competing sectors.
This research study focused on managing residential water demand in water
scarce regions. An illustrative case study from Amman, Jordan, has been utilized
to show the applicability of the proposed research and delivered three main
products: (1) a prediction model for consumers’ participation in water demand
management policies. This model is capable of assigning different levels of
awareness of demand management; (2) a complex adaptive systems framework
that is capable of representing the heterogeneity of consumers while capturing
complex interactions between consumers and policy makers; and (3) a feedback
mechanism to capture the possible impacts of mixed sources of supply on efforts
to conserve water use.
First, an econometric model was constructed that explains the extent to which
consumers’ attributes affect their participation in demand management activities.
Such a model helps in understanding what makes consumers more likely to reduce
their water consumption at the residential level. The model was built to assign
consumers with the predicted levels of participation in demand management
policies. Participation in water conservation plans can be achieved through
installation of efficient plumbing fixtures and the adoption of conservative wateruse habits. Thus, correlation between efficient fixtures and habits should be
considered.
Second, a complex adaptive systems framework was developed to facilitate the
application of different demand management policies on water consumers. The
framework is capable of capturing the complex interactions between consumers
themselves and the policy maker, while explicitly considering their heterogeneity.
To do so, an agent based model was built to estimate changes in residential water
demand as a result of a demand management policy. This model incorporated a
variety of data such as socioeconomic, water supply, and attitudinal perspectives
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on water issues. This bottom-up approach can forecast the diffusion of efficient
fixtures and conservative habits.
Third, a system dynamics model was constructed to investigate the feedbacks
between different sources of supply and demand management efforts. This model
has examined the possible interactions between water availability and consumers’
participation in demand management by predicting the compensatory actions
taken by consumers to reduce their water shortage.
The aforementioned research developments holds strong potential to advance
current tools of residential water demand management through: (1) improving the
understanding of what lies behind consumers’ participation in demand
management policies; (2) explicit accounting for the correlation between the
adoption of water-saving fixtures and conservative water use habits; (3)
addressing the heterogeneity of water consumers and, thus, capturing the
complexity of demand management; and (4) reducing uncertainty in estimating the
effectiveness of different demand management policies by capturing the influence
of mixed sources of supply on water demand.
7.3

Research Contributions

The primary research contributions are presented as follows:
(1) Development of a consumers’ participatory model in water demand
management policies. The model explains the extent to which consumers’
attributes affect their participation in demand management activities. The
correlation between behavior and technology is accounted for in this model.
The output of the model assigns consumers with different degrees of
participation in demand management policies.
(2) Development of a complex adaptive systems framework to facilitate the
application of different demand management policies on water consumers.
The framework is capable of capturing the complex interactions between
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consumers themselves and the policy maker, while explicitly considering
their heterogeneity.
(3) Development of a simulation model that is capable of investigating the
feedbacks between different sources of supply and demand management
efforts.
7.4

Limitations of the Present Work

(1) More interviews are needed from the private water market.
(2) Benefits of savings from demand management policies have been
considered from the perspective of the water supplier.
(3) Other forms of non-water savings have not been measured. These include
energy and water bills.
(4) Principles of social equity are not addressed in designing demand
management policies.
7.5

Future Research

Despite the fact that this research has successfully achieved all its objectives,
there is still much room for further research in the domain of water demand
management, as explained below:
(1) Enriching the dynamics in the simulation models: for instance, the agent
based model can incorporate models to measure demand from different
sectors such as industrial and agricultural. These sectors can be
represented as agents with different goals and objectives.
(2) The impact of communications in demand management policies: social
network analysis can be studied in combination with the current proposed
methodology. It is believed that network analysis is one of the most powerful
tools to analyze interactions between entities.
(3) Tools for demand management should not only focus on reduction of water
use. Financial aspects should also be incorporated, such as: (1) the cost of
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implementing the demand management policy; and (2) changes in
revenues due to the decline in water use.
(4) Offsetting behavior: longitudinal studies should be conducted to examine
how consumers’ behavior changes over time when installing efficient
plumbing fixtures.
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Appendix A Survey Instrument

1. Household Socioeconomic data
1. What is the highest completed level of education for the head of the
household:
0-didn’t finish high school
3- Bachelor degree

1- high school 2- Community college

4- Postgraduate degree

2. How many people live in your house (family size):
3. What is the monthly income of your family(JD):
4. What is the average monthly expenses on the following utility services
(JD)
Water Electricity Gas

Food

5. How many persons could have influence on your daily decisions?
6. What is the maximum share of your income that you can spend on
water (monthly), including any water plumbing fixture you would buy:
(e.g: 50 JD or 3% of your monthly income)
7. How many neighbors you have direct contact with (i.e; talk to them at
least once a week)?
2. Household Structural data
1. Geographically, where do you live: 0__Eastern Amman

1__Western

Amman
2. District you live in:
3. Housing Type: 0__Apartment 1__Detached 2__Semi-detached
4. Housing area:

m2

5. What is the zoning class of your house: (0) A (1) B (2) C

(3) D

6. In what year your house was built:
7. What is the type of ownership of your house: 0__Rent

1__Own
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8. Do you have garden?

0__No

1 __Yes

3. Water Service Data
1. What is your major source of water supply?
0__Public (piped) water 1__Other (please specify)
2. What is your quarterly water bill (JD)?
3. What is your quarterly water consumption?

M3/3 months

4. If possible, what is the amount of water consumption recorded in the
past four bills?
5. How many days (hours) per week do you get water from the public
network?
6. Do you get enough water from the network until the next turn of
supply? (1)– Yes (Skip to section 4) (0)- No
7. If No, what do you do to cover the shortage? (0) - Buy extra water
(please specify amount and the source (e,g tanker)). (1)– change
water use habits - Other, please specify:
8. How much do you pay for this extra water (JD/M3)?
9. How often do you get water from other sources than piped water?
(0) No at all. (1) Weekly, (2) Monthly, (3) Yearly.
10. What is the storage size inside at your residence unit?
4. Water Use Behavior and Attitude Data
1. Do you think that water resources are limited in Jordan?
(0) __No

(1)__Yes

2. The following table lists the major end uses occur inside a house,
please indicate which end uses do you have by: specifying their
number, number of times you use them, and the duration (minutes):
End use
Toilet
Faucet (Kitchen)
Faucet (Bathroom)

Daily use basis
Number of
Frequency of
devices at home use per person

Duration at end use
(min/person/day)
(Flushes/person/day)

221
Dishwasher
Weekly use basis
End use

Number of
Frequency of
devices at home use per person

Duration at end use
(min/event)

Showerhead
Laundry Machine
Outdoor Garden
Other (please
specify)
Please Note: if you find it hard to remember, use the frequency code provided
below. For the duration data, please record the average duration (for example
from 5 to 10 minutes/day/person for showering).
Frequency Code: [1] Once a day [2] Twice a day [3] Three times a day [4]
Four times a day [5] Five times a day [6] More than five time a day [7] Once a
week [8] Once more than a week [9] Other (please specify)
3. In cases were water is limited, water authorities encourage consumers
to reduce their consumption levels, are you willing to decrease your
water demand? (If no, skip to question 5).

(0) –No

(1) –Yes

4. (Based on your opinion and experience) how would you rate your
participation in water conservation activities? To answer this question,
please indicate which end uses you will change the frequency of use,
and the new frequency and duration that you have decided to adopt
(please indicate all end uses that apply):
End use

Daily use basis
(After change ) Frequency of
use per person

Duration at end use:
(minutes/day/person)

Faucet (Kitchen)
Faucet (Bathroom)
Dishwasher
Weekly use basis
End use

(After change ) Frequency of
use per person

Duration at end use:
(minutes/day/person)
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Showerhead
Laundry Machine
Outdoor (Garden)
Other uses
Please Note: if you find it hard to remember, use the frequency code and duration
code provided below.
Please note that the categories provided here are relative to the original end
uses’ frequencies you have answered in the previous question.
Please note that the code used for duration is also relative to the duration you
have provided in the previous question.
Frequency Code:[1] about the same (will not change) [2] Somewhat less (reduce
by one to two times) [3] So much less (reduce the frequency significantly, for
example from 5 times a day to 2 time a day) [4] Other (please specify)
Duration Code: [1] about the same [2] reduce by around 20% of time [3] reduce
by 20-40% of time [3] Reduce by 40-60% of time [4] Reduce by 60-80% of time
[5] Reduce by more than 80% [6] Other (please specify).
5. Do you have water saving fixtures installed at any end use? (0)- No
(1)Yes: (please mention which end use) ________________
6. Another common approach to reduce water demand is by installing
water saving fixtures, which devices do you think are important to
have?

- Low flow Toilet - Showerhead

- Kitchen Faucet -

Bathroom Faucet - Dishwasher - Laundry Machine

7. What is your criterion to buy a water saving fixture, please rank from
least important to most important (i.e, 0: least important, 1: important,
2: most important)?
– If I can afford the cost of the plumbing fixture

- Follow the social

norm (if too many of my friends bought a specific device) - I made my
decision based on the characteristics of the fixture (for example, water
savings, its cost, etc.) –Other (please mention)
8. Based on a scale (1-6); how do you rank the consumption of the
following fixtures; where 1: least consumptive; 6: most consumptive.
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- Toilet - Showerhead

- Kitchen Faucet - Bathroom Faucet -

Dishwasher - Laundry Machine

9. If you follow the social norm, what is the minimum percentage of
neighbors and connections that would encourage you to buy a
plumbing fixture?
(0)_10% (1) _20% (2) _30% (3) _40% (4)_50% (5) _60% (6)_ 70%
(7)_more than 70%

10. If you have chosen to buy more than one efficient water fixture, what is
the minimum period you would have before buying another one?
(0) 1-3 months, (1) 3-6 months, (2) 6-9 months, (3) 9-12 months, (4)
once every year, (5) once every other year.
11. What is the maximum you would pay (JD) for a single water saving
fixture? (0) 10
(5) 100-150

(1) 10-30
(6) 150-300.

(2) 30-50

(3) 50-70

(4) 70-100

(6) more than 300

12. Are you aware of the benefits of saving water from devices?
(0)_No

(1)_Yes

13. If the government provides rebates on efficient water fixtures, would
you consider buying them? (0) _None (1)_yes: (please indicate all
applicable fixtures) _Toilet

_Showerhead _Kitchen Faucet

_Bathroom Faucet _Dishwasher _Laundry Machine)

14. What payback period would motivate you to buy a water saving
fixture? (0) 3-6 months (1) 6-12 months (2) 12-18 months (3) 18-24
months (4) less than 36 months (5) does not matter

15. Do you practice any water saving measures (if no, skip to question
18)? (0)_No

(1)_Yes
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16. What is that measure? (0)_Reuse water from (bath and kitchen sinks,
washing machine) for outdoor

(1) _Reuse water from (bath and

kitchen sinks, washing machine) for toilet -Others: please specify

17. Do you have a rain water collection tank (if no, skip to question 18)?
(0)- No

(1)– Yes

18. If you answered yes, where would you use it?(0) _Toilet

(1) _Outdoor

_Other
19. In your opinion, what could hinder you from buying a water saving
fixture?

0_Have not heard before about any water saving device
1_Not interested in buying these devices
2_High prices

20. Do you think that buying private water wouldn’t make you participate in
water conservation policies? (0) _no (1)_yes

21. Under which conditions you would stop participating in demand
management actions (such as buying efficient plumbing fixtures)?
(please choose all applicable answers)
(0)_ I will stop saving water if my next water bill is not reduced by at
least 10%.
(1)_ I will wait to try one more device and change behavior, if my water
bill is not reduced significantly (for example at least 20%) I will not
participate in water conservation.
(2)_I will stop saving water if too many of my friends do not save water.
(3) _ I will continue participating in demand conservation anyway.

22. The following table lists the characteristics of efficient plumbing
fixtures, please indicate the importance of each characteristic on a
scale of 1 to 5 as follows:
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1: not at all important, 2: slightly important, 3: moderately important, 4:
very important, 5: extremely important
End use
fixture

Characteristic
Cost

Ease of

Water

installation

savings

durability

Toilet
Showerhead
Kitchen
Faucets
Bath Faucets
Laundry
Machines
Dish washers

23. What do you think would encourage you to be more conservative in
using water? (e.g: more educational campaigns, more rebates,
increase water prices)
5. Attitudinal perspectives
1. How do you evaluate the following statements?
(Please fill in the following table by indicating the corresponding importance code
(1: strongly disagree ~ 5: strongly agree).
Criteria
Reducing water
use is beneficial
for me
Reducing water
is beneficial for
environment
Receiving more
education
awareness
campaigns

(1)Strongly
disagree

(2)Disagree

(3)Neutral

(4)Agree

(5)Strongly
agree
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Social pressure
on me to reduce
water
consumption
It’s expected
from me to save
water

Thank you for your time and effort.
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Appendix B Descriptive Statistics

Household Storage Location
200

No. of Households

180
160
140
120
100

East

80

West

60
40
20
0
Roof-Top Tank

Ground Tank

UndergroundTank

Breakdown of Roof-Top Storage
160

No. of Households

140
120
100
80

East

60

West

40
20
0
<5

5-10
Storage Capacity (M3)

>10
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Breakdown of Underground Storage
40

No. of Households

35
30
25
20

East

15

West

10
5
0
<5

5-10
Storage Capacity (M3)

>10

Breakdown of Ground Storage

No. of Households

30
25
20
15

East

10

West

5
0
<5

5-10
Storage Capacity (M3)

>10
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Kitchen Faucets Inventory
160

No. of Households

140

East 1.9
West 1.4

120
100
80

East

60

West

40
20
0
1

2

3
4
5
No. of Kitchen Faucets

6

Dishwashers Inventory
160

No. of Households

140

East 0.53
West 0.56

120
100
80

East

60

West

40
20
0
0

1
2
No. of Dishwashers
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Bath Faucets Inventory
70

East 2.38
West 3.2

No. of Households

60
50
40
30

East

20

West

10
0
1

2

3
4
No. of Faucets

5

6

Toilet Inventory
80

No. of Households

70

East 2.1
West 2.9

60
50
40

East

30

West

20
10
0
1

2

3

4
5
No. of Toilets

6

7
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No. of Households

Showerhead Inventory
100
90
80
70
60
50
40
30
20
10
0

81

East 1.96
West 2.27
59
East
26

1

2

West

24

3
4
No. of showerheads

5

Laundry Inventory
180

No. of Households

160

East 1.18
West 1.13

140
120
100
80

East

60

West

40
20
0
0

1
2
No. of Laundry MACHINES
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No. of Households

Perception on Toilet Consumption (1-6) Scale
90
80
70
60
50
40
30
20
10
0

East 3.5
West 3.7
East
West

0
1
2
3
4
5
6
Percepention scale: 1-6 (1: least consumer; 6: most
consumer)

Perception on Kitchen & Bath Faucets
Consumption (1-6) Scale (East)

No. of Households

70
60

Kitchen Avg. 3.4
Bath Avg. 3.3

50
40
30
20

Kitchen

10

Bath

0
1
2
3
4
5
6
Perception scale: 1-6 (1: least consumer; 6: most
consumer)
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Perception on Kitchen Faucets Consumption (16) scale (West)
No. of Households

60
50
40
30
Kitchen

20

Bath

10
0
1
2
3
4
5
6
Perception scale: 1-6 (1: least consumer; 6: most
consumer

No. of Households

Perception on Dishwasher Consumption (1-6)
Scale
180
160
140
120
100
80
60
40
20
0

East 1.17
West 1.0
East
West

1
2
3
4
5
6
Perception Scale: 1-6 (1: least consumer; 6: most
consumer)
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No. of Households

Perception on Showerhead Consumption (1-6)
Scale
80
70
60
50
40
30
20
10
0

West 3.85
West 4.1

East
West

1
2
3
4
5
6
Perception Scale: 1-6 (1:least consumer; 6: most
consumer)

Perceptiopn on Laundry Consumption (1-6)
Scale
No. of Households

70
60

East 3.67
West 3.6

50
40
30

East

20

West

10
0
1
2
3
4
5
6
Perception Scale: 1-6 (1: least consumer; 6: most
consumer)
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